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FOREWORD 

This document describes the work conducted and completed by Pratt & Whitney Aircraft 
Division of United Technologies Corporation during Phase I of the Experimental Clean Com- 
bustor Program. This final report was prepared for the National Aeronautics and Space Ad- 
ministration (NASA) Lewis Research Center in compliance with the requirements of con- 
tract NAS3- 16829. 

The authors of this report wish to acknowledge Mr. Richard Niedzwiecki, NASA Project 
Manager of the Experimental Clean Combustor Program, for his guidance and assistance. 
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SUMMARY 


The Experimental Qean Combustor Program is directed toward the development and demon- 
stration of technology for reducing combustor emissions for application to both current and 
future gas turbine engine combustors. The program is being conducted in three phases. Phase 
I, which has been completed and is the subject of tliis report, involved screening of combus- 
tor concepts to identify tlte best approaches for reducing emission levels. Phase II, which is 
currently in progress, is refining the best combustor concepts identified in Phase I. Phase III 
will consist of fuU-scale engine demonstration tests of the refined combustor. 

Ambitions emission reduction goals were set for the program. At idle engine operating con- 
ditions, an emission index (grams of pollutant per kilogram of fuel) goal of 20 was set for 
carbon monoxide, and a goal of 4 was set for total unbumed hydrocarbons. At sea-level 
take-off conditions, an emission index goal of 10 was set for oxides of nitrogen, with an SAE 
smoke number goal of 1 5. 

Phase I initially involved combustors intended only for Conventional Take-Off and Landing 
(CTOL) applications, but the work was later expanded to include Advanced Supeisonic 
Technology (AST) applications as well. 

For the CTOL applications, three combustor concepts were tested and analyzed. These were: 

1 . Swirl-Can Combustor Concept 

2. Staged Premix Combustor Concept 

3. Swirl Vorbix Combustor Concept 

Various configurations of each of these concepts were tested and analyzed to establish basic 
design trends, after which the results from the best configuration for each concept were com- 
pared to provide a basis for selecting the concepts to be pursued in Phase II. Testing was con- 
ducted in a 90-degree sector test rig simulating the JT9D engine combustor envelope. Testing 
was conducted primarily at simulated engine idle and sea-level take-off conditions. All com- 
bustor inlet conditions were the same as those produced in the engine except for the inlet 
pressure at sea-level take-off conditions, which was limited to 6.8 atmospheres by test facility 
capabilities, whereas the inlet pressure produced in the engine is 21.7 atmospheres. Suitable 
correction factors were applied to the data to account for this difference. Testing was also 
conducted at selected inlet temperatures and pressures, reference velocities, and fuel-to-air 
ratios to determine the effects of these variables on emissions and obtain an indication of the 
off-design performance of the combustor concepts. Stability and relight capability at simu- 
lated altitude conditions were also documented. 

Lowest emissions at idle engine operating conditions were obtained with the staged premix 
combustor. The carbon monoxide emission index level was 55 percent below the goal and 
the total hydrocarbon emission index level was 75 percent below the goal. Tlie swirl vorbix 
combustor approached but did not meet the goals, while the swirl-can combustor provided 
significantly higher emissions that were close to the levels produced by current production 
JT9D-7 combustors. 
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At sea-level take-off engine conditions, none of the combustors was able to meet the goal for 
oxides of nitrogen, althougli some combustor configurations provided significant improve- 
ments relative to the current production JT9D-7 combustor. The best results were obtained 
with the swirl vorbix and the swirl-can combustors, both of which provided approximately 
60-percent lower emissions of nitrogen oxides than the current production JT9D-7 combus- 
tor. All three combustor concepts met the smoke goal. 

Tlie performance data for the combustors indicated the need for substantial improvement . 
Although the swirl vorbix and the swirl-can combustors operated with combustion efficiencies 
of 99.5 percent or higher, the staged premix combustors had lower efficiencies at sea-level 
take-off conditions, and both the swirl-can and the staged premix combustors require develop- 
ment to meet the current JT9D engine altitude relight requirements. This work was beyond 
the scope of Phase 1. 

For the Advanced Supersonic Technology applications, seventeen configurations of the three 
combustor concepts were evaluated at representative cruise conditions. None of the con- 
figurations tested met the nitrogen oxide emission index goal of 5, but both the swirl vorbix 
and swirl-can concepts met the carbon monoxide and total unbumed hydrocarbon emission 
index goals of 5 and 1 respectively. The staged premix combustor configurations were not 
stable at the cruise test point, and consequently emission values have not been quoted. Best 
results were obtained with the swirl vorbix combustor, with a nitrogen oxide emission index 
valve 85 percent above the goal level. On the basis of these results, a combustor configuration 
based on the.swirljw)rbixj»ncept was evolved for Advanced Supersonic Technology engine 
studies. 
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INTRODUCTION 


When viewed on a global basis, gas-turbine powered aircraft are relatively small contributors 
to overall environmental pollution. However, heavy concentrations of aircraft can have a 
significant impact on air quality in the vicinity of airports. In addition, concern has recently 
arisen over the potential effects of pollutants released in the stratosphere by supersonie and 
newer subsonic aircraft wliich operate at Irigh altitudes. 

The concern with air quality in the vicinity of airports has led to the issuance of emission 
standards by the U. S. Environmental Protection Agency for aircraft engines manufactured 
after January 1979 (Reference 1). Tliese standards limit the emissions of carbon monoxide, 
total unburned hydrocarbons, oxides of nitrogen, and smoke at altitudes under 914 m. Re^ 
cently introduced gas turbine engines, such as the JT9D family, already meet the require- 
ment for producing no visible smoke. However, compliance with the standards for the re- 
maining pollutants will require substantial iniprovements relative to current engine emission 
levels. 

The concern with pollutants released at high altitude relates primarily to the potential for 
oxides of nitrogen to combine with the ozone layer in the stratosphere. The consequences 
of depletion of this ozone layer have been studied by the U. S. Department of Transportation 
under the Climatic Impact Assessment Program, and the “Report of Findings” from tliis 
study (Reference 2) concludes that control of emissions of oxides of nitrogen at high altitude 
may be required in the future. 

The exhaust pollutants produced by conventional combustor systems are basically the result 
of a combination of the following factors: nonhomogeneous fuel-air mixtures, inadequate 
management of local fuel-?ir ratio throughout the combustor, and nonoptimum residence 
time. Aithough the rudiments of pollution control are understood (Reference 3) and various 
control strategies have been formulated, there has not been successful implementation of 
these strategies into actual combustor hardware suitable for commercial aircraft application. 
Physical constraints on fuel vaporization, turbulent mixing rate, dilution air addition, and 
residence time impose absolute limits on the combustion process. In addition, the traditional 
requirements for uniform exit temperature distribution, combustion stability, religlit capa- 
biliti , durability, and operational safe ,y must be considered. Furthermore, it is desirable for 
commercial reasons to maintain component weight, costs, and mechanical complexity at a 
minimum, llius emission control strategics must accommodate a diversified range of factors 
that great'y add to the development complexity of a practical low-emission combustor sys- 
tem. 

In response to the need to develop technology that will permit the emissions standards to be 
met in a commercially acceptable manner, tne National Aenmautics and Space Administra- 
tion initiated the lixperimcntal Clean Combustor Program in December 1972. Th.e program 
is a three-phase program. Phase 1 has been completed and is the subject of this report. 
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A description of the overall program is contained in the following section, Chapter 1. Chapter 
II describes the JT9D engine upon which the program was based, and also describes the equip- 
ment and test procedures used in the first phase of the program. Chapter III describes the 
testing and the results obtained during Phase I for CTOL applications, and Chapter IV de- 
scribes the work conducted for AST applications. Appendices are provided with detailed de-. 
scriptions of facilities and instrumentation, combustor design configurations, and test data. - 
Nomenclature definitions and references are provided in Appendices D and E, respectively. 

Phase I of the Experimental Clean Combustor Program also included a Combustion Noise 
Addendum. The objective of this program addendum was to acquire noise data for correla- 
tion with combustor emission. and performance. parameters. The results of this addendum 
are presented in a separate report, NASA CR-1 34820 (Reference 4). 
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CHAPTER I 


EXPERIMENTAL CLEAN COMBUSTOR PROGRAM DESCRIPTION 

A. GENERAL DESCRIPTION OF OVERALL PROGRAM 

The Experimental Clean Combustor Program is a multiyear effort that was initiated in 
December 1972 and is scheduled for completion in late 1976. The program is direct ed to- 
wards two primary objectives: 

1. The generation of the technology required to develop advanced commercial 
CTOL aircraft engines with lower exhaust pollutant emissions that those of 
current technology engines, and 

2. The demonstration of the emission reductions and acceptable performance in a 
full-scale engine in 1976. 

The program specifically addresses the development of a combustor with low emission charac- 
teristics for the Pratt & Whitney Aircraft JT9D-7 engine. However, the technology developed 
during the program will be able to be translated to other combustors, either for commercial 
or military applications, and it will also provide the foundation for developing further refine- 
ments and for identifying other avenues for continued exploration and experimental research. 

B. PROGRAM PLAN 

The program is divided into three phases, providing a step-by-step approach for developing 
the technology required for reducing emissions. These phases are: 

Phase I - Screening of Low-Emission Combustor Concepts 

Phase II - Refinement of the Best Low-Emission Concepts 

Phase III - Engine Testing of the Best Combustor Concept 

1. PHASE I PROGRAM 

Phase I of the program involved screening of three candidate combustor conccjits to provide 
a basis for selecting concepts for refinement in Phase II. Both CTOL and Advanced Super- 
sonic Technology applications were studied. Details of tliis program arc contained in the 
following chapters of this report and in the Combustor Noise Addendum Report (Reference 4) 

2. PHASE II PROGRAM 

Phase II of the program is directed toward obtaining both acceptable combustor emissions and 
acceptable performance, with emphasis on off-design operation, exit temperature profile and 
pattern factor, relight capability, and engine adaptability. 
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The program was initiated at the conclusion of the Phase I technical effort. Two combustor 
concepts have been selected on the basis of the test data and experience acquired during the 
Phase I program, and refinement and optimization tests have been initiated. The problems 
inherent in a two-stage fuel system, such as manifold fill time, main burner nozzle coking, fuel 
nozzle coking, fuel nozzle accessibility, and fuel control requirements, are being investigated. 

3. PHASE III PROGRAM 

The objective of Phase III will be to substantiate the pollution reduction technology developed 
in Phases 1 and II in an actual engine environment. This will be achieved by testing the best 
combustor from the Phase II program in a full-scale JT9D engine. 

C. PROGRAM SCHEDULE 

The program schedule for the Experimental Clean Combustor Program is shown in Figure 1 . 
Phase 1 was an eighteen-month effort which has been completed and Phase II is a fifteen-month 
effort now in progress. Phase III will be a sixteen-month effort scheduled for completion dur- 
ing 1976. 


PHASE 1 - COMBUSTOR 
SCREENING TESTS 

BASIC PROGRAM 



■■■Mi COMPLETED 

4 


MHMIHHi 



m 




NOISE ADDENDUM 



PHASE n- COMBUSTOR 

nfPlNEMENT AND 





PHASEXa- ENGINE 





1 1 1 

1 1 1 

1 1 1 

1 1 1 

1973 

1974 1 1979 

197ft 


Figure I Overall Experimental Clean Combustor Program Schedule 


D. PROGRAM GOALS 

Program goals were defined for both pollutant emissions and combustor aerothermodynamic 
performance. The goals for gaseous pollutants are extremely ambitious and represent the 
primary focus of the Experimental Clean Combustor Program. The program goals for smoke 
and performance arc essentially the maintenance of current JT9D-7 combustor performance 
levels and are imposed to ensure that the reductions in pollutant emissions are not achieved 
at the expense of performance or smoke levels. All goals are predicated on the use of commercial- 
grade Jet-A aviation turbine fuel. 
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1. POLLUTION GOALS 


Pollution goals were established for ground idle and sca-lcvel static take-off operation. Tlie 
pollution goals are listed in Table 1 by engine operating mode. Gaseous pollutants (NOj^, CO , 
THC) are expressed in terms of the emission index, defined as the ratio of grams of pollutant 
formed per kilogram of fuel consumed. Smoke concentration is expressed in terms of the 
S.A.E. smoke number. For comparative purposes, current emission levels of the JT9D-7 en- 
gine are.alsQ included to illustrate the magnitude of required pollution reduction. 


TABLE 1 

POLLUTION GOALS FOR CTOL APPLICATIONS 
AND CURRENT JT9D-7 LEVELS 


Engine 

CO(g/kgfucl) 

THC (R/kR fuel) 

NOv-fg/kefuel) 

Mode 

Goal 

JT9D-7 

Goal JT9D-7 

Goal 

JT9D-7 

Ground Idle 
With Com- 
pressor Air 
Diced 

20 


4 


Ground Idle 
Without 
Compressor 
Air Bleed 

20 

77.0 

4 29.8 


Sea-Level 

Static 

Take-Off 




10 

31.5 


Smoke 

(SAE Smoke Number) 
Coal if9D-7 


15 10 


*N 02 ci|uiva1ciit or all oxides of nitrogen. 

Note; JT9U-7 data repreaenu average productioii pilot lot data for combustor conFiguration EC 279845 adjusted to 
standard day conditions with specific humidity of 0.0063. 


JT9D-7 combustor inlet conditions at the idle and sea-level static take-off operating modes 
are summarized in Table II. Two ground idle operating points are defined in Table II, cor- 
responding to engine operation with and without fifteenth-stage compressor bleed air extrac- 
tion to meet airframe requirements. Current Pratt & Wliitney Aircraft experimental engine 
and production acceptance tests are conducted without extraction of bleed air. However, 
engines in the field operate with varying amounts of bleed extraction. The bleed airflow 
identified in Table II is considered representative. Owing to the particular design of the 
JT9D fuel control, compressor bleed extraction results in a drop in high-pressure compressor 
rotor speed and corresponding changes in combustor inlet pressure, temperature, and fuel- 
air ratio. Since the basis for EPa Emission Standard compliance testing is presently open to 
interpretation, both conditions were included in the test program. 
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TABLE II 


DEFINITION OF JT9D-7 ENGINE OPERA'aNGXONDlIIONS-. - 



Bleed 

JT9D-7 Combustor Inlet Conditions 

Engine 

Mode 

Extraction 
Rate (kg/sec) 

Inlet 

Pressure (atm) 

Inlet 

Temperature (K) 

Fuebto-Air 

Ratio 

Ground Idle 
With Compressor 
Air Bleed 

L23 

2.93 

427.8 

0.0126 

Ground Idle 
Without Compressor 
Air Bleed 

0 

3.74 

455.6 

0.0105 

Sea-Level Static 
Take-Off 

0 

21.71 

768.9 = 

0.0227 


Note: All engine modes based on standard day sea-Ievel static ambient conditions. 


Pollution level goals were also established for the Advanced Supersonic Technology applica- 
tion at a representative supersonic cruise condition. These goals are shown in Table 111. 
Particular emphasis was placed on NOj^ reduction in the AST Addendum testing. The CO 
and THC goal levels require that NO^ not be reduced at the expense of increased CO and 
THC emission levels (and increased cruise fuel consumption). 


2. PERFORMANCE GOALS 

Performance goals were established for both CTOL and AST applications, and these goals are 
summarized in Table IV. 

The goals for the CTOL application do not represent any appreciable departure from current 
operating levels except for the pattern factor and the combustion efficiency at idle engine coiv 
ditions. The combustor exit temperature pattern factor goal represents a level that is difficult 
to achieve on a production basis. Implicit in the goal for exit temperature pattern factor is 
the acliievemcnt of a radial average temperature profile at the combustor exit that is substan- 
tially equivalent to that produced by the current production JT9D-7 combustor. 
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TABLE III 


POLLUTION GOALS FOR AST APPLICATION 

at representative supersonic cruise condition 


Pollutant 
CO (g/kg fuel) 

THC (g/kg fuel) 

NOx* (g/kg fuel) 

Smoke (SAE Smoke Number) 


Goal 

5 

1 

5 

15 


*N 02 equivalent of all oxides of nitrogen 


Representative supersonic cruise condition corresponds to 
combustor inlet pressure of 6.8 atm, inlet temperature of 
839 K, and a fuel-to-air ratio of 0.0227. 


TABLE IV 

PERFORMANCE GOALS 


CTQL Application 

Total Pressure Loss (%) 

Exit Temperature Pattern Factor 
Combustion Efficiency (%) 

Lean Blowout Fuel-to-Air Ratio 
Altitude Relight Capability 
Altitude (m) 

Flight Mach Number 

AST Application 

Total Pressure Loss (%) 

Exit Tcmpeiature Pattern Factor 
Combustion Efficiency (%) 


6 

0.25 at take-off 

99 or better at all operating conditions 
0.004 ±0.001 

9144 
0.5 - 0.8 


6-9 

0.25 or less 
99.8 or better 


The goal for combustion efficiency of 99 percent or better at all operating conditions ensures 
that the engine will have high operating efficiency at all power settings, and that the reduction 
in the emissions of oxides of nitrogen is not achieved at the cost of engine efficiency at high 
power settings. Current aircraft gas turbine engines operate at combustion efficiencies greater 
than 99 percent at all power settings except idle, 

The performance goals for AST applications apply only to the supersonic cruise condition 
and require a combustion efficiency of 99,8 percent or better. A range of combustor total 
pressure loss values is shown because AST engine cycle studies indicate that the AST turbo* 
fan. engine will operate with a combustor pressure loss of 9 percent while the AST turbojet 
engine will operate with a combustor pressure loss of 6 percent. 
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CHAPTER U 


EQUIPMENT AND EXPERIMENTAL PROCEDURES 
A. GENERAL DESCRIPTION OF REFERENCE ENGINE AND COMBUSTOR 

1. reference engine description 

The JT9D-7 engine was selected as a reference for the experimental combustor designs. This 
engine is the current production version of the basic JT9D engine model, which was designed 
and developed by Pratt & Whitney Aircraft. Since its introduction into commercial service, 
th’s engine has acquired widespread use as the powerplant for both the Boeing 747 and the 
Douglas DC- iO-40 aircraft. 

The JT9D engine is an advanced, dual-spool, axial-flow turbofan engine designed with a high 
overall compression ratio and a high bypass ratio. The mechanical configuration is shown in 
Figure 2. ' 

The engine consists of five major modules: a fan and low-pressure compressor module, a high- 
pressure compressor module, a combustor module, a high-pressure turbine module, and a low- 
pressure turbine module. The low-pressure spool consists of a single-stage fan and a three-stage 
low-pressure compressor driven by a four-stage low-pressure turbine. The high-pressure spool 
consists of an eleven-stage high-pressure compressor driven by a two-stage high-pressure tur- 
bine. The accessory gearbox is driven through a towershaft located between the low- and high- 
pressure compressors. Selected key specifications for the JT9D-7 engine are listed in Table V. 

2. reference COMBUSTOR DESCRIPTION 

The mechanical design of the JT9D reference combustor is shown in Figure 3. The combustor 
is annular in design with an overall length between the trailing edge of the compressor exit 
guide vane to the leading edge of the turbine inlet guide vane of 0.6 m. The actual burning 
length between the fuel nozzle face and the turbine inlet guide vane leading edge is 0.45 m. 

Key performance parameters of the JT9D>7 reference combustor are summarized in Table VI, 
and the reference combustor exit average radial temperature profile is shown in Figure 4. 

The JT9D-7 combustor incorporates a number of advanced features. The primary diffuser 
incorporates an inner ramp and outer trip followed by a dump section, and a burner hood is 
used to provide a positive pressure feed to the combustor front end. The hood is indented 
locally in ten places downstream of each diffuser case strut. A film-cooled louver construction 
is used for the combustor liners. The liner assembly features inner and outer slipjoints to 
facilitate assembly as well as to allow for liner thermal expansion. The fuel system features 
direct liquid fuel injection by the use of twenty duplex-pressure atomizing fuel nozzles. As 
shown in Figure 3, the nozzle portion of the fuel injector is enclosed in twenty short cone 
modules, which provide primary zone flame stabilization. Take-off tlmist augmentation is 
provided by water ii\jcction through the fuel nozzle hcatshielUs. 
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TABLE V 

KEY SEECIEICATIONS OF THE JT9D>7 ENGINE 


Weight (kg) 

3982.5 

Length (m) 

3.912 

Maximum Diameter, cold (m) 

3.427 

Pressure Ratio 

21.7 = 

Airflow Rate (kg/s) 

691 

Maximum Sea-Level Static Thrust (kN) 
Cruise Performance 

197 

Mach Number 

0.85 

Altitude (m) 

10668 

Thrust (kN) 

44.6 

Specific Fuel Consumption (kg/Ns) . 

1.979 X 10* 


TONGUE-IN GROOVe INNER AND OUTER SEALS 


^^1 


HOOD 


ATTACHED 


WATER 


SCOOP 


[HI] 


IGNITOR 


INLET 


GUIDE 


1 VANE 

1 

13 













COMBUSTOR EXIT TEMPERATURE 


TABLF. VI 


K12Y OPERATING PARAMETERS OF THE JT9D-7 
REFERENCE COMBUSTOR 


Compressor Exit Axial Mach Number 
Compressor Discliarge Temperature (K) 

Combustor Temperature Rise (K) 

Combustor Section Pressure Loss (%) 
Combustor Exit Temperature Pattern Factor 
Average Combustor Exit Temperature (K) 


0.258 

768.9 

763.9 
6.0 

0.42 ±0.03 
1532.8 


Note: All data for standard day sea-level static take-off conditions. 




SPAN -PERCENT TURBINE HEIGHT 


Target Average Radio UiX (must Temperature Profile of the JT9D-‘7 Reference Combustor 




3. REFERENCE ENGINE COMBUSTOR POLLUTION LEVELS 

Since tlio JT9D engine and combustion system were designed prior to current concerns 

Stl It S ™oke reduction features, Irowcvcr. and therefore Mfdes 

low smoke numbers and no visible smoke at all operating conditions. 

Exhauat emWoua are periodically monitored during JT9D production ““Stance tc«a M^^ 
Xcal rcS for idle Ud sea-level take-off conditions are shown in Table VIll. These data 
ZrelrUhe average emission levels for 23 production JT90-7A engines ■"“tpo'at.ng com- 
bus’or configuration EC 279845, This combustor configuration was installed m those pro 
dueton eS”shiro^ between July, 1973, and December. 1974. The data have teen cor- 
rented to standard day temperature and pressure and to an ambient humidity level ° ■ 8 

HeyO/ke dry air. Jet-A fuel was used for tlie tests. Comparison of these emission levels with 
the Experimental Clean Combustor Program goals, also shown in Table VII. reveals the rnag- 
iStuS of the raductioi^^ required to meet the program goals. Except for the smoke level, 
wliich already meets the goals, reductions of greater than 65 percent aie required. 

The U S Environmental Protection Agency emission standards for aircraft engines are ex^ 
Trlssedt urrof an integrated EPA parameter (EPAP). This parameter combines emission 
rates at the engine idle, approach, climb and take-off operating modes, integrated over a 
“in J !,Sv-JLoff ^ (Reference 1). Integrated EPAP values for the above eom- 

testor conngnration are presented in Table VllI. again eotrected to “ 

of pressure and temperature and an ambient humidity level of 6-3 g H20/k| ™ 

data show that a 70-pcrcent reduction in carbon monoxide emissions, an 85 percent r«uc 
tSn b. ulbled Hydrocarbon emissions, and a 39-percent rednetion m the emristons of 
"x.des of nitrogen are required to satisfy the EPA ClassT2 standards for 1979. 


TABLE Vn 

RF PRESENT ATI VE JT9D-7 PRODUCTION ENGINE EMISSION LEVELS 
AND EXPP-RIMENTAL CLEAN CO MBUSTOR PROGRAM GOAL S 


Operating 

Comtition 

m (»/k8 fuel) 

Etfl’ 

jT<)I)- 7 Ooat 

T1IC(R/k«rucl) 

ECCT 

jT 9|).7 Cioal 

Idle 

77,0 30 

70.K 4 


Take-off 


•Nitrogen dioxkle cmilviilcnl n«tl for all oxWes of nitrogen. 


NO-.* (8/kg fuel) 

lOT 

JT9l)-7 Unal 


31.5 10 


Smoke 

(SAE Smoke Number) 

kcrF 


IT91M 


Ooat 


10 13 


TABLE VUI 


UEPRESENTATIVB JT9D-7 PRODUCTION ENGINE EMISSION LEVELS 
AND EPA CLASS T2 STANDARDS FOR 1979 



EPA Parameter 
(Ibm pollutant/lbf thrust/hr) 

Pollutant 

JT9D-7 

EPA 

Standard 

CO 

14.3 

4.3 

THC 

5.3 

0.8 

NO, 

4.9* 

3.0 


♦Corrected to standard-day conditions and specific humidity 
of 6.3 g H20/kg dry air. 


B. TEST COMBUSTOR-CONCEPTS 

Three combustor concepts were evaluated during the Phase 1 program. These were: 

1. Swirl-can combustor 

2. ■■ Staged premix combustor 

3. Swirl vorbix combustor 

Details of the designs and functional concepts of these combustors are included in Chapter 
III 

All of the combustors were designed to be compatible with the JT9D-7 engine with respect 
to both performance and mechanical features. Specific constraints included the combustion 
section structural envelope fermed by the diffuser and combustor cases. No changes were 
made to the diffuser case struts, the turbine coolant bleed locations, the compressor exit 
guide vanes, or the turbii' j inlet guide vanes, For some combustor configurations, howe ^r, 
filler pieces were used to tailor the combustor section to the specific aerodynamic require- 
ments of the low emission combustor. 

The fuel systems used for the Phase I rig tests were not required to be engine quality hardware, 
but the combustors were designed with fuel systems that could be installed in a JT9D engine 
and that could operate with the overall fuel flow characteristics of the JT9D engine using the 
existing JT9D fuel pressurization system. Since all of the low emission concepts required 
zoned fuel systems having more than the twenty fuel nozzles used in the JT9D-7 combustor, 
modifications to the combustor housing were necessary to permit installation of the additional 
fuel iiycctors. 


C. test FACILITIES AND EQUIPMENT 


1. TEST FACILITIES 

The combustor tests were conducted in two lest facilities. All of the emissions and perfor- 
mance evaluations except for the altitude relight tests were conducted in a high-pressure test 
facility, Stand X-903. Tlic altitude religlit testing was conducted in an altitude test facility, 
Stand X-306. The capabilities of these facilities are briefly summarized below, with more 
detailed descriptions being presented in Appendix A. 

High-Pressure Test Fpcility 

The high-pressure test facility used in the program is located at Pratt & Whitney Aircraft’s 
Middletown, Connecticut plant. An important feature of this facility is that the combustor 
test rig is installed in a cylindrical pressure tank, and the tank pressure is maintained within 
0.34 atm of the combustor inlet pressure. As a result, the combustor test rig case can employ 
relatively light construction while still permitting testing to be conducted at representative 
engine pressure levels. 

Airflow for the combustor rig is supplied from compressors located in an adjacent power house. 
Flow rates up to 1 1.3 kg/s at pressures up to 47.6 atm are available. However, because of the 
high volumetric flow rates required by this program, the combustor inlet pressure was limited 
to a maximum of 6.8 atm. A direct-fired inlet heat exchanger is used to supply unvitiated in- 
let air at temperatures up to 839 K. A variety of liquid fuels can be supplied to the test rig. 

All controls and instrumentation required to operate the test stand and monitor the perfor- 
mance characteristics arc located in an adjacent stand control room. 

Altitude Test Facility 

The altitude test facility is located at the Rentschler Airport Laboratory in East Hartford, 
Connecticut, ft is a multiduct facility suitable for stability, ignition, and icing component 
testing at simulated altitude conditions. 

For altitude stability and ignition testing such as conducted in this program, the test rig exhaust 
duct can be evacuated to pressures as low as 0.066 atm by any combination of five Ingersoll- 
Rand vacuum immps rated at 5.66 m^/s free air discharge each, fhe inlet air can be refriger- 
ated to temperatures as low as 225 K by a combination of four York compressors. In addi- 
tion, the inlet air can be dried to a specific humidity down to 0.86 g H 20 /kg air using an 
activated alumina dryer. 

All control and instrumentation required to operate the test rig and monitor pcrlonnancc 
are contained in a control room located adjacent to the test cell. 

2. TEST RIGS 

Three complete 90-degrec sector combustor rigs (one for each combustor concept) were dc 
signed and fabricated in this program. A schematic diagram of a test rig and the adapting 
duct work installed in the test facility is shown in Figure 5. 
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The combustor cases for each of the test rigs duplicated the JT9D-7 engine diffuser and com- 
bustor case design as well as the diffuser strut orientation. In addition, each case was provided 
with the fuel support pads and instrumentation bosses required by the particular combustor 
concept. The rig case for the staged premix combustor shown in Figure 6 is typical of all of 
the cases 
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Figure 5 Schematic of the Clean Combustor Test Rig in the Higit-Pressure Test Facility 
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Figure 6 View of the Outer Rig Case for the Staged Premix Combustor 
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Structural constraints imposed by tiic sector rig configuration required a floating combustor 
sidewall support design to permit thermal expansion in only the radial and axial directions. 
This approach produced liner, stresses that simulated those in a full hoop structure, eliminating 
the need for structural supports such as ribs or struts to maintain the liner shape. The rig side- 
wall construction and liner. mounting systeni-for the staged premix combustor are shown in 
Figure?. 

A- separate fuel manifold system wasTabricated for each of the three test rigs. The staged pre- 
mix combustor and the swirl vorbix combustor each required two fuel manifolds, while the 
swirl-can combustor required three. Since the swirl-can combustor employed low differentiaL 
pressure fuel injectors, flow restrictors were installed in the fuel lines to provide equal fuel 
flow to each ipjector. 

Figure 8 shows a view of a test rig installed in the test facility. The pressure vessel is open to 
show the placement of the fuel manifolds and the rig instrumentation. 
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Figure 7 


Constructh ui of Staged I’reinlx Comhmtor l.iiur aiul Sidewall 
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3. COMBUSTOR RIG INSTRUMENTATION 
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Inlet Air Humidity Measurement 


The combustor inlet humidity was monitored in the high-pressure test facility using a Model 
2740 Foxboro Dcwcell Humidity Meter. Airflow at low mass flow rate was extracted from 
the test stand inlet duct and directed through the humidity meter. Since excess water was ex- 
tracted in the compressor interstage coolers, the rig inlet specific humidity level rarely ex- 
ceeded 2.2 g H 20 /kg dry air. 

Combustor Instrumentation 

The combustor inlet instrumentation consisted of six four-port total pressure rakes, six four- 
point Chromel-Alumel total-temperature thermocouple rakes, and twelve wall static pressure 
taps. This instrumentation was arranged in a fixed array at a plane simulating the axial posi- 
tion of the last compressor stage, as shown in Figure 5. The combustor rig airflow rate was 
measured using a venturi flow meter, and the fuel flow rates were measured using turbine-type 

flow meters. 


Witliin the combustor, pressures were measured in the test section and along the combustor 
liners to permit calculation of the overall system pressure loss and flow distributions. For 
example, for the staged premix combustor, pressure measurements were made on the com- 
bustor liner and in the premix passage and the resulting data were combined with the effective 
flameholder metering area to determine the premix passage airflow rates. 

Liner temperatures were measured using temperature-sensitive paints and liner skin thermo- 
couples. In addition, fire-warning thermocouples were installed at various locations in the 
diffuser case and shroud areas to detect burning outside of the combustor. 

At the combustor exit, temperatures and pressures were measured and gas samples were taken 
using a combination total temperature, total pressure, and gas sampling annular traversing rake. 
This rake assembly is shown in Figure 9. The temperature measurements were taken using 
five platinum-platinum 10 percent rhodium thermocouples positioned at centers of equal areas. 
The thermocouple junctions were located in a plane simulating the axial position of the first- 
stage turbine inlet guide vanes. Two concentric platinum 20 percent rhodium radiation shields 
were positioned over each thermocouple junction to reduce radiation errors. These tempera- 
ture sensors were designed to measure the gas stream total temperature with an accuracy of 
one percent up to 1810 K. Details of the gas sampling technique are discussed in the follow- 
ing section. 

Gas Sampling and Analysis 

Two gas-sampling techniques were used. One used the combined total temperature, total pres- 
sure, and gas sampling annular traversing rake, and the second used an array ol fixed sample 
probes. 
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Figure 9 Combination Total Temperature. Total Tressure, and Cas Sampling Annular Traversing Rake 

The traversing rake, which is shown in Figure 9, contained four radial sampling elements for 
gas analysis. Details of the individual gas sampling lubes arc shown in Figure 10. As shown, 
four steam-cooled stainless steel sampling elements were positioned at the centers of equal 
annular areas. The gas sampling tubes were separated from tiic thermocouple rake by a three- 
degree circumferential arc. The tubes were supported by a steam-cooled stainless-steel pylon. 
Steam cooling was used to quench the sample temperature while still maintaining the tempera- 
ture above the level where condensation and adsorption would occur. 

The gas sample rake was constructetl such that gas samples could be obtained from each sep- 
arate tube. For most measurements, however, the tubes were manifolded together into a com- 
mon plenum, thereby providing radially averaged data for each circumferential location. The 
static pressure in the plenum chamber was maintained at a level which provided a static pres- 
sure at the sampling tube inlet that approximated the free-stream static pressure. This resulted 
in near isokinetic gas sampling. 

The fixed sample probe is shown in Figure 1 1 anil permitted rapid data acquisition during 
testing while still providing a representative sample at the combustor exit. Ihe probe con- 
sisted of four radial sampling elements connected to a single line. A total ol live ol these 
probes was used ai the circumferential locations shown in Figure 1 2. Most of the testing was 
conducted with the five probes connected togetlier to provide a single sample, although a 
valving system was available to permit isolation of the samples from any individual or com- 
bination of probes. 
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Figure 10 Detailed View of Combustor Exit Annular Traversing Rake 
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Figure 1 / Schematic of Fixed Exhaust (las Sample Probe 






Figure 12 Locations of Fixed Gas Sampling Probe Rakes 


The gas samples were analyzed using equipment and techniques which, with minor exceptions, 
conformed to the Society of Automotive Engineers Aerospace Recommended Practice (SAE 
ARP) No. 1256 (Reference 5). ' 

The instrumentation used is listed in Table IX. This equipment was housed in modular form 
and permanently installed at the high-pressure test facility, as shown in Figure 13. The basic 
accuracy of the resulting data was dependent on the availability of reference gases with ac- - 
curately known compositions. The calibration gases used in this program were the result of 
a continuing Pratt & Whitney Aircraft program to develop and maintain accurate standard 
gases. 

Details of the gas analysis instrumentation are presented in Appendix A, Section 2. 

Smoks Measurement 

The smoke measurement system used in this program was designed and fabricated by Pratt & 
Whitney Aircraft to the specifications of SAE ARP 1179 (Reference 6). 

Special features of this system include electric time controlled, solenoid actuated, stainless- 
steel straight-through gate valves to permit precise control over the sample volume passing 
through the filter. An auxiliary bypass system around the sample volume meter further en- 
hances the precision of the system by ensuring that the meter is in the line only when a sample 
is actually being taken. The system is switch operated into three modes (leak check, sample, 
and bypass) ensuring that the operator of the system docs not produce erroneous valve set- 
tings that would invalidate a sample. ' 
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D. TEST CONDITIONS AND PROCEDURES 
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1. TEST CONDITIONS 
CTOL Applications 

For Cl’OL applications, the combustor rig test conditions were set to match tlie JT9D-7 engine 
conditions for idle and sea-level take-off as elosely as possible. The idle conditions included 
those with and without simulation of compressor air bleed. With compressor bleed, the engine 
conditions are typical of those that would occur In an engine installed on an aircraft in actual 
service, while without compressor bleed, they simulate conditions that occur during experi- 
mental engine testing. 

The test rig conditions achieved are shown in Table X together with the corresponding JT9D-7 
engine conditions. As shown, all operating conditions were duplicated except for the inlet 
pressure and airflow at sea-level take off conditions, which were limited by the test facility 
airflow capability. All testing was conducted using fuel that conformed to the American 
Society for Testing and Materials (ASTM) SpecificationJet-A. 

At high power conditions, the pilot-to-main fuel flow split was varied for selected combustor 
configurations. These variations wore made while maintaining the total fuel flow constant. 

The resulting data provided a basis for determining the optimum fuel distribution between — 
the pilot and main burners and also permitted definition of the trends relating fuel distribu- 
tion, combustion efficiency, and emissions of oxides of nitrogen. 

TABLE X — 

JT9D-7 REFERENCE ENGINE OPERATING CONDITIONS AND 
EXPERIMENTAL CLEAN COMBUSTOR SECTOR RIG 
OPERATING CONDITIONS 


Idle Witli Bketl 
bnginc Rig 


Compressor lixit 
Prc.ssure (Atm) 

2.93 

2.93 

Compressor Exit 
Temperature (K) 

427.8 

427,8 

Combustor Total 
Airflow (kg/s) 

1 6.. S3 

3.90 

Combustor ITiel 
Flow (kg/s) 

0.209 

0.049 

Fuel-Air Ratio 

0.0120 

0.0120 

Engine Rated Power (%) 

0 



kite 

Without lilecd Sea-Level Take-off 


Engine 

Rig 

Engine 

Rig 

3.74 

3.74 

21.7 

6.80 

455.0 

455.0 

768.9 

708.9 

21.52 

5.08 

92.90 

6.88 

0.220 

0.053 

2.11 

0.150 

0.0105 

0.0105 

0.0227 

0.0227 

8.2 

- • • 

100 

... 
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Parametric variations of combustor fuel-air ratio wore also invostiftated for all combustor con- 
cepts at both the idle and sea-level take-ol’f operating points, and parametric variations of in- 
let pressure, temperature, and reference velocity were investiRated for-selected combustor 
configurations. The ranges of these variavions arc shown in Table XI. 

TABLIi XI 

RANGE OF VARIATION OF SECTOR RIG OPERATING CONDITIONS 


Compressor lixit Totiil TemiieraUirc (K) 
Compressor lixit Total Pressure (Atm) 
Fuel-Air Ratio 
Reference Velocity (',’f) 


Idle 


427 . 5.33 


0 . 007 - 0.0140 

± 2.5 


Sea-Level Take-Ofl 
644 839 

3.4 - 6.8 
0.016 0.035 

±25 


Altitude stability and relight tests were conducted at simulated JT9D-7 engine, windmilling 
conditions. Actual engine combustor inlet and pressure conditions were simulated while fuel 
flow and airflow levels were scaled for the one-riuarter segment rig. The range of conditions 
that were simulated are shown in Figure 15, which is a typical JT9D engine relight envelope 
that defines the flight regime in which the engine is required to relight in the event of a blow- 
out. 


AOK 751K »9K 

OJSa 1.034 1^0 



figure 15 JTVD Relight Envelope 


Advanced Supersonic Technology Applications 

For the Advanced Supersonic Technology applications, the test conditions were selected on the 
basis of projected combustor operating conditions at a supersonic cruise flight condition. A 
basic test condition was defined, and testing was then conducted at the basic condition and 
also with reference velocity variations of ±25 percent from the basic condition for most com- 
bustor configurations. The basic lest condition is defined in Table XII. 
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TABLE XII 


SECrOR RIG AST CRUISE OPERATING CONDITIONS 


Compressor Exit Pressure (Atm) 6.80 

Compressor Exit Total Temperature (K) 839 

Combustor Total Airflow (kg/s) 6.88 

Combustor Fuel Flow (kg/s) 0.156 

Fuel-Air Ratio 0.0227 

Combustor. Exit Total Temperature (K) 1589 

2. TEST PROCEDURES 


The test program was conducted in a manner that would screen each combustor configuration 
as rapidly as possible to make optimum use of the rig test time. This approach involved not 
only an efficient setting of test points and rapid data acquisition, but also specific tailoring of 
the test program based on the preliminary results. For example, combustor configurations 
that exhibited higher emission levels than anticipated were evaluated for shorter periods than 
those which appeared more promising. 

High-Pressure Testing 

For the high-nressure tests, the combustor was initially lit, followed by staging of the main 
burner. During this period, gas samples were extracted from both the inner and outer com- 
bustor shrouds to ensure that no fuel aspiration occurred, that could result in burning upstream 
of the combustor. ' 

After successful lighting had been achieved, test points were usually set in the order of increas- 
ing temperature and pressure. This approach was both efficient from an operational stand- 
point and also ensured that a maximum amount of data would be obtained in the event hat 
the planned test program could not be completed because of combustor durability problems. 
The usual sequence of testing was as follows: 

1. Set idle condition and take data for three fuel-air ratios. 

2. Set take-off condition and take data for three fuel-air ratios. 

3. Set additional high-power conditions with various pilot-to-main burner fuel distribu- 
tions while maintaining constant overall fuel-air ratio and take data. 


4. Evaluate effect of parametric changes to inlet temperature, pressure, or reference 
velocity. 

5 . Set AST cruise point and take data. 

6. Set idle condition and lean combustor fuel-air ratio to blowout. 

At each test point, the combustor was allowed to stabilize before data were taken. When the 
fixed gas sample rake was used, gas samples were taken prior to traversing the exit plane rake. 
Otherwise, gas samples were taken from the traversing rake at the same time that exit tempera- 
ture was then set to the value that would occur in flight at 9 144 m, and the airflow was main- 
tained constant while the pressure was reduced in progressive increments until blowout occurred, 
samples collected by the fixed gas sample rake. The fixed sample rake was used to minimize 
the length of time required for the sequence of sample flow rates specified in SAE ARP 1 179. 

Concurrent with these tests, noise data were taken on a noninterference basis. The results of 
these measurements are presented in NASA CR-134820, as stated previously. 

Altitude Stabiiity and Relight Testing 

The altitude stability and relight testing consisted initially of mapping the minimum pressure 
blowout region to define the combustor stability envelope. This was accomplished by initially 
lighting the combustor at a simulated low-altitude, high-pressure condition. The inlet tempera- 
ture was then set to the value that would occur in flight at 9144 m, and the airflow was 
maintained constant while the pressure was reduced in progressive increments until blowout 
occurred. The procedure was repeated for different airflows until the complete map was de- 
fined. 

Once the stability envelope had been defined, relight tests were conducted within the envelope. 
The procedure used was to establish a test point and then attempt to light the combustor for 
thirty seconds with fuel flowing. Test results were recorded as no light, partial light, or com- 
plete light. For all successful lights, the time to ignite was also recorded. 

E. GASEOUS EMISSION CALUCLATION AND EXTRAPOLATION PARAMETERS 

The gas sample data were used to calculate the fuel-air ratio and the combustion efficiency. 

The reasons for using this approach and the procedures used are discussed below. In addition, 
the correlations used to extrapolate emissions data to engine operating conditions when the 
conditions could not be simulated in the test rig are presented below. 

1. FUEL-AIR RATIO CALCULATION 

Fuel-air ratios are generally calculated from measured flow rates for airflow and fuel flow, 
since these flow rates arc usually known quite accurately. The alternative approach of using 
gas sample data to determine the carbon balance of the exhaust gases and calculating the fuel- 
air ratio is generally considered to be less accurate because of inherent uncertainties associated 
with the gas sampling process. 
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For tliis progiiim, fud-air ralios were determiiieil by both tcchnuiues for cadi combustor con- 
cept, and the results are shown in l''igurcs 16, 17, and 18. The results show considerable scat- 
ter, which is indicative of the inherent inaccuracies of the gas sampling technique, but they 
also show a significant bias for the gas sampling data to indicate higher fuel-air ratios than the 
metered flow data. The consistent bias exhibited by the gas sample data is attributed to the 
use of a sector rig configuration, where combustor liner sidewall cooling is required. In addi- 
tion, the combustor shroud finger seals were known to have leaked in some tests. This leak- 
age represented air that was measured upstream in the test rig but which did not participate 
in the combustion process. Consequently, the measured airflow through the test rig was 
higher than that which actually passed through the combustion section, resulting in .a l o w e r .... 
calculated value of fuel-air ratio than actually was produced in the combustor. 

A number of diagnostic tests were performed using data from individual fixed gas sampling 
rakes, from the manifolded fixed gas sampling rake array, and from various combinations of 
the traversing sample probes. All of these data verified the bias between the metered flow 
fuel-air ratio values and the carbon balance fuel-air ratio values. 


Since the amount of bias could be expected to vary in an unknown manner from combustor 
configuration to configuration, it was concluded that the uncertainties introduced by experi- 
mental errors in measuring concentrations of species in the gas samples were less than the 
uncertainties associated with a consistent bias of unknown magnitude. Therefore, carbon: — 
balance fucl-ah ratios have been used throughout this report. 

The gas-sample carbon balance fuel-air ratio calculations were made in accordance with the 
procedures established in SAH ARfl 1256 ( Reference 5), but modified to include proper 
averaging of multiple-point data. The details of the computation procedure are presented in 
Appendix A, Section 3. 

2. COMBUSTION EFFICIENCY CALCULATION 


The combustion efficiency was calculatoil on a deficit basis using the measured concentrations 
of carbon monoxide and total imburned hydrocarbons from the gas sample data. Tlic calcula- 
tion was based on the assumption that the total concentration of unburned hydrocarbons 
could be assigned the healing value of methane (C'l^). The equation was; 


100 - 100 


4343x + 2 1 500y 


i; 


1 8.4(1 0)b 


where; 

X = measured carhon munuxidc concentration in g/kg fuel 

y = measured total unlnirned hydroearhon concentration in g/kg fuel 
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Figure 1 7 Metered and Carbon-Balance FueM ir Ratios for 










3. EXTRAPOLATION OF POLLUTION DATA TO ENGINE CONDITIONS 

Since the combustor segment rig was unable to simulate the combustor inlet pressure and 
humidity at sea-level take-off conditions, the emissions data for oxides of nitrogen obtained 
at the rig test conditions required correction to the engine conditions to permit comparison 
of the results with both the Experimental Clean Combustor Program goals and with the cur- 
rent JT 9 D -7 emission levels. The correlation used is as follows (Reference 7 ): 


NO 


X corr. 


(no via 


corr, 


meas, 


•) 


0 . 5 ;. 


^ref. measA 
^ref. corr. / 


^ ^tS corr.\ 
l^tS corr./ 


.I8.8{H 


meas. 




where; 


NOjj = Emission level of oxides of nitrogen 
= Inlet total pressure (atm) 

Tj 4 = Inlet total temperature (K) 

Vrgf = Reference velocity (m/s) 

II Inlet specific humidity (g H20/kg air) 

T^5 = Combustor exit temperature 

and subscripts: 

corr. = Relates to value at corrected condition 

meas. = Relates to value at measured condition 
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Ill this iHogrum, this correlation was used to extrapolate the experimental data to the condi- 
tions shown in Table XIII. It could also be used to extrapolate the experimental data to other 
conditions of inlet pressure, temperature, fuchair ratio, reference velocity, and humidity. 
However, the correlation factors for inlet temperature and fuel-air ratio arc sensitive to the 
specific combustor design features, particularly to the equivalence ratio in the burning zone. 
Consequently, use of this correlation was restricted to relatively small adjustments. 

No attempt has been made to extrapolate the data for carbon monoxide or total unburned 
hydrocarbons, since reliable combustion efficiency correlations arc not currently available. 
However, increasing the pressure from the rig test pressure to the actual engine operating 
pressure would be expected to decrease the emission levels of these pollutants. Consequently, 
the emission levels reported in this report arc considered to be conservative. 


TABLE XIll 

STANDARD COMBUSTOR INLET COhDITIONS TO WHICH EMISSIONS 
DATA FOR OXIDES OF NITROGEN WERE EXTRAEQLATED 



CTOL 

Applications 
Standard Day 
Sea-Lcvel Take-Off 

AST 

Applications 

Cruise 

Compressor lixit Total Pressure fatm) 

21.7 

6.8 

Compressor Exit Total Temperature (K) 

768.9 

839.0 

Reference Velocity (m/s) 

Swirl'Can and Staged Premix Concepts 

25.0 

27,6 

Swirl Vorbix Concept 

38.0 

41.9 

Humidity (g/kg air) 

6.29 

2.00 

Combustor Exit Temperature (K) 

1533 

1589 


F. PERFORMANCE DATA SUMMARY 

The combustor performance parameters which are reported as program results are listed in 
Table XIV. The definitions of the calculateu parameters are presented below. 


36 


1 


TABLE XIV 

SUMMARY OF REPORTED COMBUSTOR PERFORMANCE PARAMETERS 


Parameter 


Units Measured Calculated 


Total Airflow 
Total Combustor Airflow 
Pilot Fuel Flow 
Main Fuel Flow 
Total Fuel Flow 

Fuel Temperature 
Inlet Total Temperature 
Inlet Total Pressure 
Reference Velocity 

Pattern Factor 
Inlet Air Humidity 
Fuel-Air Ratio 


Wa4 

kg/s 

X 

Wab 

kg/s 


'Vfpri 

kg/s 

X 

''^f sec 

kg/s 

X 

Wf tot 

kg/s 

X 

^fuel. 

K 

X 

Tt4 

K 

X 

^t4 

atm 

X 

Vref 

m/s 


PF 



H 

g H 20 /kg air 

X 

f/a - 

... 



X 


X 

X 

X 


Total Combustor Airflow. 


The total combustor airflow is calculated by subtracting the measured inner and outer turbine 
cooling air bleed flows and the estimated combustor liner sidewall cooling airflow from the 
total airflow. 

Reference Velocity 

The reference velocity is defined as that flow velocity that would result if the total combustor 
airflow, at the compressor discharge temperature and static pressure, were passed througli the 
combustor liner at the maximum cross-sectional area. This area is 0.092 m^ for the swirl- 
can and staged premix sector rigs, and 0.060 m^ for the swirl vorbix sector rig. 

Pattern Factor 

The pattern factor at the combustor exit is defined by the expression: 

Pattern Factor = ^t j avg . 

t5 avg. ■ 14 


n 
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where: 


Tt 5 " Hiftlicst local icmpcraturc obsemd at the combustor exit plane 

^ 15 avg. ~ Average combustor exit temperature (calculated from the carbon- 

balance fuel-air ratio and the corresponding combustor inlet tempera- 
ture and pressure) 

T (4 = Combustor inlet temperature 

Fuel-Air Ratio 

'Ihe fuel-air ratio is the ratio ol fuel How to total combustor airflow. As discussed previously, 
for this program, fuel-air ratio was determined on the basis of the carbon balance of the ex- 
haust products. I'ucl-air ratio values for the pilot and main burners were determined by 
dividing the total fuel-air ratio determined by the carbon balance method in proportion to 
the measured fuel flow rates to each of the burners, I lcncc, the sum of the pilot and main 
burner fuel-air ratios equals the total carbon balance fuel-air ratio - — 
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CHAPTER 111 


PHASE I BASIC PROGRAM 
A. PROGRAM PLAN 

As discussed in Chapter I, the basic program for Phase I involved screening of three combus- 
tor concepts: a swirl-can combustor concept, a staged premix combustor concept, and a 
swirl vorbix combustor concept. A total of 32‘J.5 hours of testing were conducted, involving 
32 combustor configurations. Of these, 13 were swirl-can configurations, 9 were staged pre- 
mix configurations, and ten were swirl-vorbix configurations. 

The work was contractually divided into two program elements. Element 1 consisted of the 
work conducted on the swirl-can combustor concept and involved 130 hours of testing, while 
Element 11 consisted of the work or the other twaxombustor concepts and involved 199.5 
hours of testing. 

The following sections present a description of each of the configurations tested (Section B) 
followed by a presentation and discussion of the results for all configurations (Sections C, D, 
and E). The development status of the concepts and concluding remarks are presented in 
Sections F and C, respectively. 

B. COMBUSTOR CONFIGURATIONS TESTED 

1. SWIRL-CAN COMBUSTOR 

a. General Description 

The swirl-can combustor concept explored in this program was based on concepts developed 
by the NASA Lewis Research Center. The basic approach used to reduce pollution is to pre- 
mix the fuel and air in an array of carburetor cans and then introduce the fuel-air mixture 
into the combustion section through swirlers in the same axial plane as the dilution air. 

The configurations te.sted in this program were primarily based on the performance and emis- 
sion data obtained in test programs conducted at the NASA Lewis Research Center (Refer- 
ences 8 through 16) and, of course, the design requirements of the JT9D-7 reference engine. 
The design of the initial configuration te.sted in this program is shown in Figure 19, and a 
photograph of the carburetor can head plate array is shown in Figure 20. The 90-dcgrce com- 
bustor segments tested in the program contained 27 swirl cans in three rows, simulating a 
full combustor containing 1 20 swirl cans with 40 cans in each row. 

As shown in Figure 19, each swirl can module is constructed with three ba.sic components: 
a carburetor can, a swirler, and a flame stabili/.er. The carburetor comsists of a short can with 
a reduced diameter at the inlet to prevent fuel spillage. Fuel is supplied through low-pressure- 
drop fuel injectors 1 .78 cm upstream of the swirlers. These injectors arc supported at the 
center of the swirler hub by centering legs. The flame stabili/crs are hexagonal and are de- 
signed to provide a high degree of mixing at the perimeter while stabilizing combustion in 
their wake. 
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Figure 20 Swirl-Can Combustor Front-Fnd Matrix and Liner Assembly 

The swirl can modules are assembled together with blockage triangles in the headplatc. Tlic 
airflow split between the combustion and dilution air and the combustor pressure loss are 
controlled by proper sizing of the blockage triangles. For the initial design, the airflow split 
provided 1 9 percent of tiie flow through the carburetor cans, 60 percent of the llcuv tlirough 
the array around the cans, and 21 percent of the flow for combustor liner cooling. 

Tile fuel system was designed to permit separate control of the fuel to each of tlic three rows 
of swirl can modules. This approach permitted fuel staging, with fuel being supplied only to 
the inner or the outer row of cans during idle operation, thereby providing a richer, more 
stable burning zone. The carburetor equivalence ratio at idle conditions was approximately 
2,3. At take-off conditions, fuel was supplied to all rows of swirl can modules on an equal 
area basis, resulting in a carburetor equivalence ratio of approximately 1 .7. 

b. Design Variations 

The screening tests for the swirl-can combustoi-coneept involved five major variations to (he 
configuration. These were: 

1 . Variations to the combustor inlet aerodynamics. 

2. Variations in the carburetor equivalence ratio, 

3. Variations to the flamehokling techniques. 

4. Variations in the fuel injector technique, and 

5. Addition of liner dilution air. 
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These variations are summarized in Tabic XV and discussed in detail in tlie following sections. 


TABLE XV 

SWIRL-CAN COMBUSTOR CONFIGURATIONS 


Sea*L^vcl 



Take-off' 

Carburetor 

Equivalence 

Kalio 


Fuel 

Infccior Type 
(Pressure Drop) 

Liner 

Dilution 

Priiiury Diffuser 

Co n fiRUftit ion 

FlainehoUct Type 

Air 

Lciutih (m) 

Rcmiirks 

Nl 

1.0 

Hexagonal 

Low 

No 

0.17 


N2 

1.7 

Hexagoital 

Low 

No 

0.07 


N3 

1.0 

Hexagonal 

Low 

No 

0.07 


N4 

1.0 

Hexagonal 

High 

No 

0.07 


NS 

0.6 S 

Hexagonal 

Low- 

No 

0.07 


N6 _ 

U! 

Hexagonal with 
sheltered zone 

Low 

No 

0.10 


NT 

1.0 

Hexagonal with 

1.3 cm recessed 
swirlers 

Low 

No 

0.10 

Plus 76% blockage screen 

N8 

1.0 

Hexagonal with 
L3 cm recessed 
swirlets 

Low 

No 

0 10 

Plus V-gutter 

N9 

l.l 

Outer swirler 
flanicholder* 

Low 

No 

0.10 

Plus 76% blockage screen 

NIO 

1.5 

Hexagonal v^ith 
swlricr blockage 
plate 

Low 

No 

0.10 

Plus 76% blockage screen 

Nil 

1.7 

Hexagonal with 
swirler blockage 
plate 

Low 

Yes 

0.10 

Plus 76% blockage screen 

N12 

NA 

Outer swirler 
flame holder* 

High 

No 

0.10 

Plus 76% blockage screen 

N13 

1.0 

Outer swirler 
flamcholdcr 

Low 

No 

0.10 

Plus 76% blockage screen 


•In outer tone, outer and inner swirlers produced co-rotaling nows. In inner and middle tones, outer >nd inner swirlen produced 
counter-rotating flows. 


Combustor Inlet Aerodynamics 

The initial configuration of the swirl-can combustor, designated N1 , sustained damage to 
portions of the combustor front end and fuel system, and also experienced localized thermal 
distress in the combustor liner and housing. This damage was attributed to four causes: 

1 . Maldistribution of the diffuser airflow, producing nonuniforni feed pressure to 
the modules and fuel spillage from the carburetors, 

2. Low combustor pressure loss (1.5 percent instead of 2.9 percent), 

3. Diffuser strut wakes, and 

4. Fuel injector support wakes. 
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In an attcmpUo correct the diffuser airflow maldistribution, thr'ie diffuser configurations 
were investigated. Tlicsc are shown in Figure 21 and involved various reductions of the prc' 
diffuser section length. This modification combined with increasing the combustor liner 
pressure drop and removal of the fuel injector heat shields eliminated the fuel aspiration 
problem. 



Tliese modifications did not provide a satisfactory combustor headplate airflow distribution, 
however, and, therefore, a number of flow control devices were investigated in a two-dimen- 
sional Plexiglas airflow rig. Included were flow splitters, trips, and screens. The 9.7 cm pre- 
diffuser was used for these tests. The best results were obtained with a 76-percent blockage 
screen located downstream of the diffuser strut trailing edge. The combustor approach ve- 
locity profiles measured in the Plexiglas rig with and without the screen are shown in Figure 
22, and the corresponding profiles measured in the liigh-pressure sector rig are shown in Fi- 
gure 23. This screen was used in Configuration N7 and in Configurations N9 through N13. 

Carburetor Equivalence Ratio 

Three carburetor equivalence ratios (0.65, 1 .00, and 1 .70) were provided at take-off condi- 
tions to determine the effect of equivalence ratio on the emissions of oxides of nitrogen. 

The changes in equivalence ratio were achieved by changing the swirlcr vane angle to allow 
either more or less airflow to enter the swirl can modules. The pressure loss was maintained 
approximately constant by varying the size of the blockage triangles. 






Flameholder Design 

Four different flameholder designs were investigated. These were: 

1 . Hex flameholder 

2. Sheltered zone flameholder 

3. Hex flameholder with recessed swirler 

4. Outer swirler flameholder. 

These designs are shown in Figure 24, and photographs of each type of flameholder installed 
in the array are presented in Figure 25. 

Each of the flameholders was evaluated with a carburetor equivalence ratio of approximately 
1.0 and low-pressure drop fuel injectors. 
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Figure 22 


Effect of Diffuser Modifications on Combustor Inlet Velocity! Profile as Measured in Plexiglas 
Flow Visualization Rig 
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0.630 

0.689 
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C 

0.4S7 

0.516 
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Figure 24 Swirl-Can Ovnhnstor Fkmehnlder Configurations 
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(C) HEX WITH RECESSED SWIRLER DESIGN 



(D) OUTER SWIRLER DESIGN 



Figure 25 Coutiitued 
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Fuel Injection Techniques 

Three fuel injection techniques were evaluated. These were: 

1 . Low pressure drop injectors 

2. Pressure atomizing injectors located upstream of the swirler holder 

3. Pressure atomizing injectors protruding through the swirlers 
The designs of these injectors are shown in Figure 26. 


(a) LOV. lESSURE DROP INJECTOR FOR CONFIGURATION N2 




(b) PRESSURE ATOMIZING INJECTOR FOR CONFIGURATION 114 




(c) PRESSURE ATOMIZING INJECTOR Wl TH INJECTION DOWNSTREAM OF SWIRLER FOR 
CONFIGURATION N12 


OUTER SWIRLER 
FLAMEHOLOER 




Figure 26 Swirl-Can Combustor Fuel Injector Configurations 
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Dilution Air Addition 

One coiifigiiration was tested witii dilution air holes located immediately downstream of the 
hcadplate array. Testing was conducted with carburetor equivalence ratios of 1,5 and 1.7 
and with a dilution airflow of approximately 6.8 percent of the total combustor airflow. 

The combustor pressure loss was allowed to vary in order to expedite test hardware procurc- 
mmit. 

2. STAGED PREMIX COMBUSTOR 
a. General Description 

The design of the staged preinix combustor was based on previous Pratt & Whitney Aircraft 
development work with this combustor concept. The basic objective of the design is to con- 
trol the mixture uniformity and strength, thereby controlling the time-temperature history 
of the combustion gases and reducing the emission of pollutants. 

The design of the combustor is shown in Figure 27, and photographs of selected configura- 
tions are shown in Figure 28. The key characteristic of the combustor is the use of two burn- 
ing zones with premixing of the fuel and air prior to injection into each burning zone. The 
two combustion zones are required because such design variables as mixture preparation, re- 
circulation residence time, and quench rate must be carefully controlled within narrow limits 
in premixing systems, and achievement of this control throughout the combustor operating 
range is difficult with a single combustion zone. 

Tlie two premixing passages and combustion zones are axially displaced, with the pilot 
burner system located further upstream. This displacement avoids rapid quenching of the 
pilot combustion process by the cool main burner air during low power operation. 
FINWALL® liners are used in the pilot burner to minimize the quantity of cooling air re- 
quired, further reducing the tendency for premature quenching. 

Fach combustion system has its own independent fuel injectors, premix passage, flameholder, 
and combustion volume. High fuel source density in conjunction with pressure atomizing 
fuel injectors are used in both the pilot and the main premixing passages to promote fuel 
atomization, vaporization, and premixing with air. 

ITie primary design factors affecting the staged premix combustor evaluated in this program 
were the premixing passage equivalence ratio, the potential for autoignition in the premixing 
passage, and the flameholder design, liach of these factors arc discussed below. 

Premixing Passage Equivalence Ratio 

In the staged premix combustor, fuel is furnished only to the pilot burner during idle and 
patt-power operation and to both the pilot and the main burner systems during high power 
operation. Consequently, the equivalence ratio for the pilot burner system was selected to 
produce l'>w levels of carbon monoxide and total unburned hydrocarbons, which are the pre- 
dominant pollutants at low power, white the c(iuivalencc ratio for the main burner system 
was selected to produce low levels of oxides of nitrogen, which is the main pollutant at high 
power levels. 
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Staged Premix Combustor Concept 











EXTERIOR SIDE VIEW 


DETAIL OF CIRCULAR-HOLE FLAMEHOLDERS 






DETAIL OF MAIN BURNER 
SLOTTED FLAMEHOLDERS 


DETAI L OF PI LOT BURNER 
SLOTTED FLAMEHOLDERS 


J 'iliio'c Prcmix Conibtislar Con fmrai ions 

I'or tlio iniliiil stj^cd pivtiiix comlnistor con figuniti on, a pilot Ininicr ct|iiivaiciuv ulio ol 
1.0 at idle conditions was sciccicd on the basis of previously obtained emissions data loi an 
experimental can-annular premix combustor. These data showed that minimum caiTon 
mono.xide and unburned hydrocarbons were obtained with a premix passage eiinivalenee 
ratio of 1 .0. a hot-soak region downstream of tlie pilot riamehoUlcr. and gradna! addition 
of dilution air. 

I’or lake-oft conditions, both the t'ilot and the ihain burner premixing leissages weic ilesignei 
to operale at an e(]uivaleiKv ratio of approximately 0.7. This level was selected on the basis 
of an estimate of Ihe combined combustion zone residence lime and compnialion ol the loi 
malion rale ofoxidesof nilrogcn in a kinelically limited system. Two lachns ^^ele assumed 
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to contrilnite to the pilot /xjiic rcsidciK'o time. These were the lime to achieve comiilcte 
comlnistion. and the recirciilatioii zone residence lime. Combustion volume and flow rate in 
the pilot zone were used to compute the combustion time, employing the correlation pre- 
sented in Reference 17. At rig pressure levels, the required combustion volume ranged from 
O.O.'^bS to 0.0'425 m\ Using the upper limit, a combustion zone residence time of I ..‘5 ms 
was established. The recirculation zone residence time in the flameholder wake was estimated 
using a correlation presented in Reference 18. The recirculation residence time was then 
added directly to the combustion zone residence time, resulting in a total estimated pilot zone 
rc.sidence time of 2.0 ms. Actually, this estimate is higher than the true residence time since 
les.s than 20 percent of the pilot zone flow would be expected to recirculate. 


On the basis of this estimate and nitrogen oxide formation kinetics, the concentrations of 
oxides of nitrogen were computed, assuming equilibrium hydrocarbon thermochemistry. 
The results are shown in Figure 29 for sea-level take-off operating conditions and residence 
times of 1.0 and 2.0 ms. These computations .show that, wheivdilution air is accounted for, 
the cquivatcnce ratio required to meet the program goals for oxides of nitrogen emissions is 
approximately 0.70. 


Auto ignition 


Since the premixing passage contains a combustible mixture at high temperature, the resi- 
dence time of the gases in the prenrixing passage is limited by the time required for autoigni- 
tion to occur. At bigb power operating conditions, the autoignition delay time is sufficiently 
short that it constitutes a significant design factor. 


In the staged premix combustor concept evaluated in tliis program, both the pilot and the 
main biirner premixing passages were designed with an autoignition safety factor of two at 
maximum sea-level take-off hot-day or nditions. At this condition, the autoignition delay 
time is predicted to be approximately 3.6 ms. and. therefore, the combustor was designed 
to operate with a maximum premixitig passage residence time. of 1.8 ms. . 


J 


Flameholder Design 

Both the pilot and the main flatncholdcrs were designed to be independently stable. This 
was achieved by using perforated plate flameholdcrs which provide a region for stable com- 
bustion in the wake of the web area between adjacent flamebolder liolcs. The design was 
based on the correlation of stability limits shown in I'igure 30, which was presented in Re- 
ference 18 and experimentally verified by Pratt & Whitney Aircraft. 

Those portions of the flaniehoklers behind tlic diffuser struts were cooled using metliods 
coilsislenf with the stability requirements. The portions of the pilot llamcholdcr located 
directly behind the struts were convoctively cooled by means of a false-wall construction. 
This type of construction acts to minimize cooling air introduction in the plane of the 
flameholder, which could adversely affect stability and idle emissions. The main name- 
holder had less stringent stability requirements and the |)ortions behind the struts, therefore, 
were transpiration cooled. 
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EQUIVALENCE RATIO 


FLAM6HOLDER TYPE 



STABILITY CORRELATION PARAMETER - 

Figure 30 Premix Qmtimsior Stability Limit Correlctioit Data 


Both the pilot and the main premixing passages were eompartmented to exclude wakes gene- 
rated by the diffuser case struts. Forty pilot and forty main fuel injectors {on a full annular 
basis) were used. 

b. Design Variations 

Nine combustor configurations of the staged premix combustor concept were tested. These 
configuraiions included four parametric design modifications as follows: 

1. Diffu.ser-combuslor airflow distribution, 

2. Fuel-air mixture preparation, including fuel staging and number of secondary 
injectors, 
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3. Pilot-main burner fuel flow split, and 

4. Flameholder design. 


The configurations arc summarized in Table XVI, and complete specifications are presented 
in Appendix B. Eich of the modifications is discussed in detail below. 

TABLE XVI 


STAGED PREMIX COMBUSTOR CONFIGURATIONS 


Configuration 

Flameholder 
Hole Pattern 

PI 

Circular 

n 

Circular 

P3 

Circular 

P4 

Circular 

P5 

Circular 

P6 

Circular 

P7 

Slotted 

P8 

Slotted 

P9 

Slotted 


Equivalence 

Equivalence 

Ratio 

Ratio at 

at Idle 

Take-off 

(Pilot Only) 

(Pilot and Main) 

1.00 

0.83 

0.98 

0.77 

0.94 

0.73 

0.89 

0.69 

0.89 

0.69 

0.84 

0.S2 

0.84 

0.S2 

0.84 

0.52 

0.90^^^ 

0.56^^^ 


Number of 


Dilution 

Injectors 


Air 

Pilot Main 

(Percent) 

10 

10 

28 

10 

10 

22 

10 

10 

IS 

10 

10 

13 

10 

lO^^ 

13 

10 

10 

0 

10 

10 

0 

10 

20 

0 

10 

10 

6.! 


♦Average equivalence ratio for pilot burner plus main burner premix passages 
•♦Main burner fuel injector fuel distribution tests 


♦♦♦Design values, not measured 


Diffuser-Combustor Airflow Distribution 

Testing of the initial staged premix combustor configuration (designated PI) revealed that 
the feed pressure to the main burner premixing passage was inadequate, resulting in deficient 
main burner flameholder airflow. The approach used to correct this deficiency consisted of 
increasing the main burner flameholder area (Configurations P2 and P4), and extending the 
diffuser downstream (Configuration P3). As shown in Table XVII, these measures were collec- 
tively effective in increasing the main burner premix passage airflow from 21 .8 percent of the 
total combustor airflow to 27.4 percent, but this level still fell short of the design airflow of 
28.5 percent. In addition, the main burner premixing passage also experienced a low total 
pressure feed on the outv :.plittcr, indicating a nonurtiform radial flow distribution feeding 
the outer passage. This type of flow maldistribution compromised the ability of the combus- 
tor to achieve a homogeneous fuel distribution in the main burner premixing passage. 
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TABLE XVI 1 

AIRFLOWS FOR PREMIX PASSACiES OF STAGED EREMIX 
COMBUSTOR CONFIGURATIONS 



Airflow 



(Percent Combustor 


Total Airflow) 

figuration 

Pilot 

Main 

Design 

18.5 

28.5 

PI 

18.4 

21.8 

P2. 

18.9 

24.5 

P3 

20.0* 

26.1 

P4 

20.8 

27.4 

P5 

20.8 

27.4 

P6 

24.6 

32.4 

P7 

22.1 

42.7 

P8 

27.4 

42.7 

P9 

25.5 

39.8 

* Estimated 




The cause of this maldistribution was identified as a part of another program conducted on 
a similar combustor in the JT9D diffuser case. This study revealed intense diffuser strut 
wakes that propagated to the axial location of the main burner premix passage. 

Subsequently, a substantial increase in the main burner premix passage flow was achieved in 
Configurations P7 and P8 through elimination of the liner dilution airflow. Some dilution 
airflow was added for Configuration P9 to increase the etiuivalence ratio of the pilot burner 
premixing passage. This configuration was used only tor altitude stability and relight tests 
using only the pilot burner. 

Fuel-Air Mixture Preparation 

Two modifications to the fuel-air mixture preparation were explored in conjunction with 
the diffuser-combustor airflow distribution modifications. One of these involved circumfer- 
ential fuel staging of the main combustor, and the second involved changing the number of 
main burner fuei injectors. 

Tlie circumferential staging configuration was intended to provide additional fuel flow in the 
center regions between the diffuser struts and reduced fuel in the regions adjacent to the 
struts to offset the effects of tlic reduced airflow downstream of tiic struts, with the effect 
of producing a more uniform fuei-air ratio downstream of the flamcholder. This was achieved 
by dividing the injectors into two zones, in Configuration P5, as shown in Figure 31 . The 
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six injectors adjacciU to the struts or tlic rig sidewall were manifolded together as Zone 1 , 
and the remaining four injectors constituted Zone 2. A Zone 1 to Zone 2 fuel flow ratio of 
1.5 would provide equal fuel flow to all injectors. With this arrangement, the fuel flow split 
hetween the pilot and main burners remained unchanged, with 18 percent of the fuel being 
provided to the pilot burner and 82 percent to the main burner. 

In Configuration P8, the number of main burner fuel injectors was inaeased from 10 to 20, 
while maintaining the fuel injector pressure drop. This was achieved by substituting the dual- 
nozzle main fuel injector shown in Figure 32 for the original, single-nozzle injector. Other- 
wise, Configuration P8 was geometrically identical to Configuration P7, which incorporated 
slotted pilot and main flamcholdcrs and no liner dilution air. The increased fuel source den- 
sity was expected to provide a more uniform fuel-air mixture at the flameholder. 

Ftameholder Design 

The initial series of staged preniix combustor configurations (Configurations PI through P6) 
incorporated circular holes in the pilot and main flameholders. To assess the effect of hole 
shape, Configurations P7, P8, and P9 incorporated slotted holes in the flameholders. The 
two flameholder designs are shown in Figure 28. 
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Figure 32 Staged Premix Combustor Double Main Burner Fuel Injector 


3. SWIRL VORBIX COMBUSTOR 

a. General Description 

The objective of the swirl vorbix combustor is to provide a relatively long combustion.res^ 
dence time at low power settings to minimize carbon monoxide and unburned hydrocarbon 
emissions and to provide rapid burning and quenching of the combustion reaction 4 ^ 
power levels to minimize the formation of oxides of nitrogen. The combustor featqreSAK,; 
combination of vortex burning and mixing (from which the acronym “vorbix” \vas derived) 
in a multiple burner arrangement with the burners spaced axially along the, combustpr,a}tifr 
The design for the initial configuration is shown in Figure 33, and photographs illustrMjng;^ 
some of the combustor features are presented in Figures 34 and 35. ‘ 

The pilot burner is a conventional swirl-stabilized, direct-fuel injector combustor using thirty 
fuel injectors (on a full annular basis). The pilot burner is sized to provide the rcquirediliekt 
release rate for idle operation at high efficiency. Emissions of carbon monoxide and un- 
burned hydrocarbons are minimized at idle operating conditions by ( 1 ) maintaining a suffi- 
ciently high pilot burner equivalence ratio to ensure complete burning of the fuel, ( 2 ) incor- 
porating FINWALL® material in the walls of each module to minimize and delay the intro- 
duction of cooling air, and (3) circumferentially swirling the cooling air leaving the FIN- 
WALL® walls to reduce the quenching action of the coolant. 
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Figure 35 Front View of the Swirl Vorhix Test Section 


The pilot burner operates at an equivalence ratio of about 0.75 during idle operation. At 
take-off conditions, the pilot exhaust equivalence ratio is reduced to 0.50 or lower to reduce 
the temperature of the flow through the pilot burner section, thereby reducing the lime that 
the flow remains at high temperatures and prc.ssures at which oxides of nitrogen are formed. 
Tlie minimum equivalence ratio for the pilot burner is determined by the overall combustor 
stability characteristics (lean blowout limit) and.by the need to maintain sufficient pilot bur- 
ner energy to vaporize and ignite the main burner fuel. 

At high power eonditions, main burner fuel is introduced througli fuel injectors located at 
the outer wall of the liner at the pilot burner discharge location, as shown in I'igurc 
liither thirty or sixty fuel injectors wore used in this program (on a full annular combustor 
basis). Main burner air for combustion and dilution is introduced through sixty swirlers po- 
sitioned on each side of the combustor (again on a full annular combuslor liasis). I’he hot ex- 
haust products and fuel vapor mixture from the pilot burner are then entrained by the swirling 
main burner jets, providing partial premixing before autoignition of the main biirnei fuel 
occurs. The main combustion process, in which most of tlie fuel is consumed at high power 
conditions, proceeds rapidly at the interface of the swirling main burner jets and the fuel-rich 
mixture of pilot burner combustion products and main burner fuel. It is this i .ipid combus- 
tion and subsequent rapid (luenching tlial reduces the residence lime of tlie combustion gases 
at high temperature and reduces the formation of oxides of nitrogen. 







Proper sc<|»icnciiig of the main burner fuel vaporization, fuel-air premixing, autoignition, and 
dilution is essential to the success of this combustor concept. .Scc|uencing can be adjusted by 
varying the point of the main burner fuel injection, the location of the swirlcrs, the reference 
velocity, the equivalence ratio, and a number of other design parameters. The spacing be- 
tween the main burner air swirlcrs. the direction of rotation of the jets, and the relative posi- 
tion of the fuel injectors also affect the degree of fuel dispersion and jet penetration. 

b. Design Variations — 

Six design variations were evaluated in the Phase 1 screening program for the swirl vorbix 
combustor. These were: 

1. Modifications to correct FINWALL® aspiration and diffuser airflow distribution, 

2. Pilot injector type and airflow schedule. 

3. Main burner fuel source density and fuel spray penetration, 

4. Main burner swirler type and orientation and air schedule. 

5. Main burner fuel injector angle, and 

6. Pilot-to-main burner fuel flow split. 

These design modifications are summarized in Table XVIII, and complete specifications are 
included in Appendix B. Details of the modifications arc presented below. 

Modifications to Correct FINWALL® Aspiration and Diffuser Airflow Distribution 

Testing of the initial swirl vorbix combustor (Configuration SI ) was terminated shortly after 
ignition of the pilot burner because unburned hydrocarbons were detected in the combustor 
shroud. Subsequent inspection revealed that fuel aspiration had occurred from the pilot zone 
FINWALL® panels, as shown in Figure 36. The fuel aspiration was apparently caused by ra- 
dial airflow around the bulkhead, creating a depressed static pressure at the entrance of the 
FINWALL® panel coolant holes and amsing localized upstream aspiration of the fuel between 
the pilot module'. This situation was corrected by the addition of inner and outer hoods, as 
shown in Figure 36. 

Cbnfigurations SI and S3 also exhibited an undesirable diffuser discharge pressure profile at 
the swirler face, producing flows at the inner sliroud that were higher than the design values 
and flows at the outer shroud tliat were lower than tlie design values. Subsequent configura- 
tions (Configurations S4 through SIO) incorporated a revised pilot burner diffuser that was 
canted towards the outer shroud and that also was lengthened to provide a more uniform air- 
flow distribution. 
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SWIRL VORBIX COMBUSTOR CONFIGURATIONS 
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Figure 36 Swirl Vorbix Combustor Schematic Showing Region Where Fuel A siyiration Occurred atid 
Location of Corrective Hoods 


Pilot Injector Type and Airflow Schedule 

The initial swirl vorbix combustor configurations (SI through S7) incorporated an aerating 
pilot fuel injector which used the combustor pressure drop to achieve fuel atomization. 

These configurations consistently operated at efficiencies in the range of 93 to 95 percent 
with associated emissions of carbon monoxide and total unburned hydrocarbons that were 
higher than desirable. 

The initial approaches for improving the performance involved changing the pilot burner 
airflow distribution and adding an air scoop to increase the pressure drop across the fuel 
nozzles (Configuration S4). Neither of these approaches provided any significant improve- 
ment. 

In view of these results, flow visualization tests wore conducted to determme if a simplex 
pressure atomizing fuel injector would provide better fuel atomizing than the aerating fuel 
injectors. The fuel injectors were mounted in a pilot burner swiricr and plenum and fed with 
nitrogen to simulate the test rig nozzle-swirler airflow at simulated engine idle air pressure 
and density. A 3-percent pressure drop was maintained across the swirler for all of the tests. 
The results of these tests are shown in Figure 37 and demonstrate that the pressure atomiz- 
ing fuel injectors provide significantly better atomization than the aerating injectors. 

On the basis of these results, the pressure atomizing fuel injectors were used for Configura- 
tions S8 through SIO. 
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Figure 37 Test Results for Swirl Vorbix Combustor Pilot Fuel In/ector How Visualization Tests Sbnmng 
improved A tomizatiou Provided by Pressure A tomizing Fuel I nject ors 
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Main Burner Fuel Source Density and Fuel Spray Penetration 

Four configurations were tested to determine the effect of fuel source density and fuel spray 
penetration, Initially, a comparison was made between the performance of Configuration S4 
with 1 3 main burner fuel injectors (60 on a full annular combustor basis) and Configuration 
S5 with 7 main burner fuel injectors (30 on a full annular combustor basis). In both cases, 
the total fuel flow remained the same. 

Subsequently, two additional configurations were tested. These were Configuration S6 with 
seven main burner fuel injectors and Configuration S7 with 13 main burner fuel injectors. 
These configurations differed from the previous two in two respects. First, the pilot burner 
included swirler blockage to increase the relative equivalence ratio of the pilot burner. Sec- 
ondly, the fuel injectors used in Configuration S6 were modified to reduce the pressure drop, 
thereby providing a fuel jet penetration equal to that provided in Configuration S7. Without 
the modification, the penetration of the fuel from the injectors in Configuration S6 would be 
substantially higher than that for Configuration S7 since the total fuel flow rate remained 
the same_hiiLliit number of injectors in Configuration S6 was one half that in Configuration 
S7. 

The inner main burner swirlers experienced some damage during this series of tests, leading 
to a series of flow visualization tests to determine the fuel spray penetration of the main bur- 
ner injectors. A pressure atomizing nozzle was mounted at a right angle to a rectangular duct, 
simulating the swirl vorbix combustor throat section. Nitrogen flow was then used to simu- 
late a range of fuel-to-air momentum ratios that encompassed both the test rig operating 
conditions as well as engine operating conditions. The results are shown in Figure 38 and 
indicate that excessive penetration occurs with high pressure drop injectors at the rig operat- 
ing conditions, explaining the damage to the inner main burner swirlers. 


Main Burner Swirler Type and Orientation and Air Schedule 

Since the vorbix combustor main burner fuel was injected in close proximity to the swirlers, 
the swirler orientation influenced the fuel penetration, distribution, and mixing. To explore 
this effect, three different swirler orientations were investigated, as shown in Figure 39. As 
shown, Configurations SI through S3, wliich had seven main burner fuel injectors, incor- 
porated a swirler orientation that was in the direction of the fuel flow on both the inner and 
outer liner walls. Configurations S4 through S7 incorporated swirlers in the outer liner that 
were oriented in the direction of the fuel flow and swirlers in the inner liner that were oriented 
in the direction opposite to the fuel flow, The final set, Configurations S8 through SIO, in- 
corp orated c o-rotational swirlers. 

In addition to being co-rotational, the swirlers used in Configurations S8 through SIO also 
had approximately twice the effective flow area of the other configurations. This difference 
is illustrated in the photographs presented in Figures 40 and 41 . To compensate for the in- 
creased flow area of the larger swirlers, all dilution air holes were eliminated in Configurations 
S8 through SIO. In addition, because of the larger diameter of the swirlers, it was necessary 
to stagger their axial locations on the inner liner. However, the swirlers were positioned as 
closely as possible to the main burner fuel injection locations to provide rapid dilution of 
the fuel. 
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Fi^re 3S Test Results for S\virl Vorbix Combustor Main Burner Fuel Injector Flow Visualization Tests 
Showing Excessive Penetration at Combustor Segment Rig Test Conditions 
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Main Burner Fuel Injection Angie 

In Configurations S9 and SIO, tlie main burner fuel injector supports were modified to inject 
the fuel downstream at an angle of 66 degrees from the normal orientation. With this orien- 
tation, fuel was injected in the vicinity of the air swirler discharge. Injection of the fuel in a 
lower velocity region (relative to tlic throat area) with an axial velocity component resulted 
in a more uniform fuel distribution over a wider range of fuel injection pressure drops, 

C. EXPERIMENTAL EMISSIONS RESULTS 

Tliis section summarizes the emissions data obtained during the Phase I program. The data 
are grouped by combustor concept. Tlie discussions for each concept include a tabular sum- 
mary of emissions data at idle and take-off conditions, plots showing the effects of fuel-air 
ratio variations at idle conditions and a discussion of the effects of significant configurational 
changes. In addition, for the staged preniix combustor and the swirl vorbix combustor, plots 
are presented to show the effect of pilot-to-main burner fuel split at constant overall fuel-air 
ratio on emissions of oxides of nitrogen and to show tlie effect of pilot burner fuel-air ratio 
on combustion efficiency at take-off conditions. 

In evaluating the tabulated data presented in this section, it is important to note the data re- 
duction procedures used in the data preparation. First, at idle conditions, it was rarely pos- 
sible to operate at precisely the design point fuel-air ratios, and, tlierefore, the data reported 
at these conditions have been determined by interpolation using plots of emissions as func- 
tions of fuel-air ratio. Second, the data reported for oxides of nitrogen have been corrected 
for humidity effects at both idle and sea-level take-off conditions. Third, since it was not 
possible to simulate the JT9D-7 engine sea-level take-off combustor inlet pressures in the 
combustor segment test rig, emissions data were obtained at a lower pressure and are re- 
ported on this basis (with oxides of nitrogen emissions corrected for humidity) in the tables 
in this section. In addition, the tables for sea-level take-off conditions include oxides of 
nitrogen emission data that has been corrected to the JT9D-7 engine design point conditions. 

The various configurations that were tested are described in Chapter III, Section B and in Ap- 
pendix B, and complete tabulations of the data obtained with each configuration are pre- 
sented in Appendix C. 

1. SWIRL-CAN COMBUSTOR 

Test Results at Idle Conditions 

The emissions test results obtained at idle conditions for the swirl-can combustor are shown 
in Table XIX for the design-point fiiel-air ratio. The cffccts of fuel-air ratio on emissions of 
carbon monoxide and total unbumed hydrocarbons are shown in Figures 42 and 43, respec- 
tively. 

Review of Table XIX reveals that none of the configurations met or approached the emis- 
sions goals, nor did any of the configurations achieve the current JT9P / combustor emission 
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levels, rile best coaliguralioii produced caiboti monoxide emissions that were six times the 
goal and omissions o( uninirned hydrocarbons that were ten limes the goal. 


TAULU XIX 


SWIRL-CAN 

COMBUSTOR 

EMISSIONS 

AT IDLE CONDITIONS 

Configuration 

Oxides of 
Nitrogen 

Emission Index (g/kg fuel) 

Total 

Carbon Un burned 

Monoxide Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

Remarks 

WITH BLEBD 

Goals 



20 

4 

99.1 


JT9D-7 Combustor 

— 

- 

- 

- 


N1 


— 

— 

_ 

Emissions data not obtained. 

N2 

2.0 

166 

293 

61.8 

Fuel to outer row only. 

N3 

2.2 

143 

253 

67.1 

Fuel to outer row only. 

N3 

2.2 

117 

61 

90.1 

Fuel to inner row only. 

N4 

1.0 

146 

305 

60.9 

Fuel to outer row only. 

N4 

1.6 

108 

98 

86.0 

I'uc! to inner row only. 

N5 

1.1 

100 

430 

47.4 

fucl-air ratio = 0.01 1. 
Fuel to outer row only. 

N5 

1.0 

124 

310 

6U . 

Fuel to all rows, fuel-air 

N6 

1.6 

135 

237 

69.1 

ratio = twice design. 
Fuel to outer row only. 

WITHOUT BLEED 

Goals 

— 

20 

4 




jXaD-7 Combustor 

3.3 

77 

29.8 

94.7 


N7 

1.6 

181 

291 

61.7 

Fuel to outer row only 

N8 

1.3 

414 

425 

41.6 

Fuel to outer row only. 

N9 

2.4 

165 

40.S 

48.8 

Fuel to outer row only. 

NIO 

2.1 

105 

92 

86.8 

I’ud to outer row only. 

NIO 

0.9 

119 

42 

92.3 

Fuel to inner row only. 

Nil 

2.2 

78.5 

58.5 

91.3 

Fuel to outer row only. 

N12 

1.5 

212 

180 

74.0 

Fuel to outer row only. 

NI3 

1.2 

66 

885 

— 

Fuel-air ratio = 0.0092 


Notes: Combustor rig cunUitions with bleed were inlet pressure of 2.93 atm, inlet temperature of 

428 K. and furl-air ratio of 0.0126. 


Combustor rig conditions without bleed were inlet pressure of 3.74 atm, inlet temperature of 
456 K, and fuel-air ratio of 0.0105. 

Data for oxides of nitrogen have been eorreeted to combustor inlet air humidity of 6.3 g 
UiD/kg dry air. 


Although the emission goals Tor idle conditions were not met. several trends were identified. 
Hrst, increasing the combustor fucl-air ratio generally increased combustion efficiency. The 
only exception was Configuration N1 2. in which the fuel was injected directly into the com- 
bustion zone. 
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Secondly, the combustion efficiencies all fall within a relatively narrow band except for Con- 
figurations N 10 and Nil, which were tested with very high equivalence ratios and were 
tested at conditions simulating no compressor bleed. These rcsults-show that the wide range 
of geometries tested had little effect on combustor efficiency and emissions at idle conditions. 

Thirdly, the use of the inner row of carburetor modules instead of the outer row -provided 
a significant improvement in emissions and efficiency. This result is unfortunate from a 
mechanical design viewpoint, since use of the outer row at idle offers the advantage of per-_ 
mitting the use of ignitors installed in the outer combustor case, avoiding the problems as- 
sociated with providing ignition from the inner combustor liner. 

Finally, a sector approach to idle operation provided loweruimissions and higher efficiency, 
than the use of a single row of carburetor modules. This approach was demonstrated with 
Configuration N5 in which fuel was supplied to all carburetor modules in the combustor sec- 
tor rig, using an overall fuel-air ratio that was twice the fuel-air ratio used when only the in- 
ner or’outer row was used. This condition corresponds to firing a 1 80-degree section of a 
full annular combustor with an overall fuel-air ratio equal to the design fuel-air ratio.at idle 
conditions. It should be noted that with this arrangement, fuel is supplied to 60 modules on 
a full annular basis rather than the 40 modules used when the outer row of modules is used. 

As a result, the individual carburetor modules actually operate atJower fuel-air ratios using the 
segment approach than they do using the outer row approach. Consequently, the improve- 
ment in combustion efficiency obtained by using all rows in one sector ot the combustor is 
greater than theJoss in efficiency associated with the reduced tuel-air ratio of the individual 

modules. 

Test Results at Sea-Level Take-Off Conditions 

The test results for the swirl-can combustor at simulated sea-lcvel take-off conditions are 
shown in Table XX. Overall, the swirl-can combustor configurations provided significantly 
lower emissions of oxides of nitrogen at the design point than the JT9D-7 combustor, and 
efficiency levels generally exceeded 99.5 percent at the sea-level take-off fuel-air ratio. The 
best configuration, N9, exhibited a 57 percent reduction in emissions of oxides of nitrogen 
relative to the JT9D-7 combustor and a combustion efficiency of 99.5 percent. Even with 
this reduction in emissions, however, the emission index of oxides of nitrogen remained 36 
percent above the goal. Smoke levels were generally low (below SAU Smoke Number 4) ex- 
cept for Configuration N 1 2 in which the fuel was injected directly into the combustion zone, 

producing an SAF Smoke Number of 67. 

Tlie effects of the carburetor equivalence ratio were investigated with Configurations N2 
with an equivalence ratio of 1 .7. N3 with an equivalence ratio of 1 .0, and N5 with an equi- 
valence ratio of 0.65. Tlie results indicated that the lowest emissions were obtained using an 

equivalence ratio of 1.0. 
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SWIRL-CAN COMBUSTOR EMISSIONS AT SEA-LEVEL TAXE-OFF CONDITIONS 
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(.npn« design gontlitions were combustor inki pr«^re of 21.7 jtm. combustor inlet tcmperalurc of 
708.0 K, jnJ combustor inlet uirflow rate of ^2.9 


I'oui' lUlTerciit fiamchoklei- designs were investigated. These were: 

1. Hex flameholder (Configurations N1 to N5) 

2. Sheltered zone flameholder (Configuration N6) 

3. Recessed swirler with hex flameholder (Configurations N7 and N8) 

4. Outer swirler flameholder (Configurations N9, N12, and N13) 

The relative merits of these various configurations were assessed by comparing the results ob- 
tained with Configurations N3, N6, N7, N8, and N9, all of which incorporated low pressure 
drop fuel iiyectors and had a carburetor equivalence ratio of 1 .0. This comparison indicated 
that the lowest emissions of oxides of nitrogen were provided using the outer swirler flame- 
holder configuration. With this configuration, combustion efficiencies in excess of 99.4 per- 
cent were demonstrated at rig take-off conditions. 

Tliree fuel injection techniques were investigated consisting of: 

1. Low pressure drop injectors (Configurations N1 to N3, N5 to N1 1, and N13) 

2. Pressure atomizing injectors located upstream of the carburetor tube swirlers 
(Configuration N4) 

3. Pressure atomizing injectors protruding through the swirlers, spraying fuel down- 
stream of the carburetor swirlers (ConfiguratioruN12) 

Comparison of tlie data for Configurations N3 and N4, both of which were tested at a car- 
buretor equivalence ratio of 1.0, both of which had hex flameholders, and both of which had 
the same inlet diffuser configuration, shows that both configurations produced approximately 
the same emission levels. Configuration N 12, however, produced significantly higher emis- 
sions of nitrogen oxides. All three configurations exhibited combustion efficiencies in excess 
of 99,4 percent at the design sea-level take-off condition. 

Combustor Configurations N 10 and N1 1 were tested to determine the effect of liner dilution 
air on the swirl-can combustor emission level. Aside from the addition of dilution air through 
both the inner and outer liners in Configuration Nil, the two configurations were identical. 
Tlic results showed that the addition of dilution air had a very small effect on emissions, al- 
though it did tend to reduce the sensitivity of the combustor emissions to changes in the fuel- 
air ratio. 

2. STAGED PREMIX COMBUSTOR 
Test Results at Idle Conditions 

llie emissions test results obtained at idle conditions for the staged premix combustor arc 
sliown in Table X.XI for the design-point fuel-air ratio. 
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TABLE XXI 


STAGED PREMIX COMBUSTOR EMISSIONS AT IDLE CONDITIONS 


Emission Index (g/kg fuel) 


Configuration 
WITH ni FFn 

Oxides of 
Nitrogen 

Carbon 

Monoxide 

Total 

Unburned 

Hydrocarbons 

Combustion 

Efficiency 

(Percent) 

Goals 


20 

4... 

99.1 

JT9D-7 Combustor 

— 

— 

— 

— 

PI 

4,2 

24 

0.5 

98.8 

P2 

4.3 

68 

0 

98,4 

P3 

3.8 

9 

1 

99.8 

P4 

3.9 

73 

2 

98.0 

P5 

3.9 

73 

2 

98.0 

WITHOUT BLEED 

Goals 



20 

4 

99.0 

JT9D-7 Combustor 

3.3 

77 

29.8 

94.7 

P7 

Unstable at design fuel-air 

ratio 


P8 

Unstable at design fuel-air 

ratio 



Notes; Combustor rig conditions with bleed were inlet pressure of 2.93 atm, 
inlet temperature of 428 K, and fuel-air ratio of 0.0126. 

Combustor rig conditions without bleed were inlet pressure of 3.74 atm. 
inlet temperature of 456 K, and fuel-air ratio of 0.0105. 

Data for oxides of nitrogen have been corrected to combustor inlet 
air humidity of 6.3 g H 20 /kg dry air. 


Review of these data shows that tlie staged premix combustor provided excellent perform- 
ance at idle conditions. The best results were obtained with Configuration P3, which ex- 
ceeded all of the program goals for idle conditions. 
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Two f.'amelioldcr configurations were tested, one with circular liolcs (Configurations Pi 
througli P5), and tlic otiicr with slots (Configurations P7 and P8). 'I’lie best results were ob- 
tained witli the circular holes. Tlic configurations with slotted flaineholders were unstable 
at idle operating conditions because these configurations also incorporated no dilution air 
liolcs in the combustor liners. The result was a high airflow loading of the preniix passage, 
producing a high flanieliolder reference velocity and a low pilot passage equivalence ratio. 

Carbon monoxide emissions were found to be strongly influenced by tlic fuel-air ratio. As 
shown in Tigure 44, each configuration demonstrated an optimum fuel-air ratio for minimum 
carbon monoxide emissions, although the optimum tuel-air ratio was not the same for all 
configurations. Tiie lowest carbon monoxide emissions were provided by Configuration P3, 
for which the optimum fuel-air ratio was equal to the design point fuel-air ratio for idle with- 
out compressor bleed. 


Tlie emissions of unbumed hydrocarbons (Figure 45) are insensitive to fuel-air ratio for fuel- 
air ratios above 0.01 2, but they rise rapidly as the fuel-air ratio decreases below 0.01 2. 

Test .lesults at Sea-Level Take-Off Conditions 

Tlie test results for the staged premix combustor at simulated sea-level take-off conditions 
are shown in Table XXII. Generally, the combustion efficiencies of these combustor confi- 
gurations were poor, with high carbon monoxide emissions. A strong trade was evident be- 
tween efficiency and emissions of nitrogen oxides, with those configurations that met the 
efficiency goal tending also to have high emissions of oxides of nitrogen. Smoke levels were 
low, with all configurations operating with SAE Smoke Numbers of 6 or lower. Configura- 
tions P7 and P8, which incorporated slotted flameholders and no combustor liner dilution 
air, were unstable at the sea-level take-off design point, and hence were not scaled to the 
design point. 

A series of tests was conducted to determine the effect of varying the fuel flow split between 
the pilot and main burner, thereby altering the equivalence ratio in each of the burners but 
maintaining tlie overall fuel-air ratio at tlie design point. Figure 46 shows tliat changing the 
fuel flow split has a significant effect on the emissions of oxides of nitrogen, with the mini- 
mum emissions occurring at a pilot burner fuel-air ratio of approximately 0.007. The reason 
for the observed trend is that both burning zones operate at an equivalence ratio of approxi- 
mately 0.7 at the design point fuel-air ratio and fuel split. Changing the fuel split increases 
the equivalence ratio of one burning zone while decreasing the equivalence ratio of the other. 
Since the production of oxides of nitrogen increases exponentially with combustion equivalence 
ratio, a shift in the fuel flow split in cither direction away from the split that provides near 
optimum equivalence ratios in each burning zone results in a substantial increase in emissions 
of oxides of nitrogen. Figure 47 shows that changing the fuel-fiow split to provide less fuel 
How to tlie pilot burner than the design level results in a decrease in combustion efficiency. 
Increasing the fuel fiow to the pilot burner anove the design value has a negligible effect on 
efficiency. 
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EMtSSPON INDEX 
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COMBUSTOR FUEL AIR RATIO 


Figure 45 Staged Premix Combustor Total Unburned Hydrocarbon Fmission Levels as a Function of 
Fuel-A ir Ratio at Idle Conditions 



TABLE XXII 


STAGED PKEMIX COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIONS 


Oxides of Nitrogen 

Combustor Test Kis Conditions Hmhsion Index 

. *T . - > **" ' " 


Conflniralion 

Pilot 

Fuii-Ait 

Rutio 

Main Uurner 
Sector 
I'uel Split 
(PefcenD* 

Overall 
PuehAir ^ 
Ratio 

linijssion Irtdex fa/ka fiiell 

1 otsil 

Oxides of fjrboi) Unbuincd 

Nlliodtii Moiuixidc llydrooxtbons 

Combiuliuu 

Bffick'ncy 

{Pertcnl) 

C’otrecird to Rnginc 
Desisn Take-Off 
Conditions 

(8/kg fuel 

Goals 







99.0 

10.0 

JT9D-7 Cumbii^lor . — 

— 

— 

— 

— 


”■ 

21.5 

PI 

O.UOSI . 


0.0206 

8.6 

14.9 

0.7 

99,6 

16.0 

.•1 

Q.0096 

- 

0.0244 

12.4 

lO.S 

0.1 

99.7 

21.3 

P2 

U.0079 


0.0227 

11.5 

36.0 

IS 

99.0 

21.8 


0.0099 


0.0099 

II.S 

0.9 

0.5 

99.9 

28.7 


.0 


0.01S2 

IS.l 

36.2 

1.7 

99.0 

32.8 

P2 

0.0092 


0.023 1 

12.5 

28.2 

0.7 

99.3 

23.6 

P2 

O.OIOI 

“ 

0.02S4 

14.8 

20.8 

. 0. 

99.5 

25.3 

pj 

0.0075 


0.0227 

9.0 

65.7 

8.2 

97 5 

17.5 

pj 

0.0026 


0.0267 

12.9 

57.5 

2.8 

98.3 

22.0 

P3 

0.0047 

— 

0.0244 

10.4 

92.2 

31.8 

94.1 

19.6 

P3 

0.0089 

_ 

0.0223 

9.3 

39.5 

1.4 

98.9 

17.2 

Pi 

0.0100 


0.0255 

11.7 

23.3 

0.3 

99.4 

20.6 

Pi 

0.0124 

- 

U.U248 

12.1 

37.3 

11 

99.0 

22.1 

P4 

0.0084 



0.0216 

6.4 

47.5 

12.2 

97.S 

11.8 

P4 

0.0088 


0.0225 

10.2 

31.7 

3.5 

98.8 

l8aS 

P4 

0.0024 


0.0252 

11.7 

62.7 

24.0 

95,7 

19.9 

P4 

0.0048 


0.0232 

9.7 

87.9 

57 6 

91.2 

17.7 

P4 

0.0068 


0.0227 

10.3 

S0.3 

2.5 

98.5 

19.5 

P4 

0.0077 

_ 

0.0196 

7.8 

71.0 

15.6 

96.5 

15.0 

P4 

0.0102 


0.026.3 

13,0 

28.9 

0.8 

99.3 

21.4 

P4 

0.0122 

“ 

0.0246 

14.0 

46.7 

3.8 

96.4 

24.6 

P5 

0.0045 

S4.4 

0.0256 

9.4 

84.2 

43.9 

94.3 

17.2 

PS 

0.0047 

S6.6 

0.0273 

"8 

76.3 

37.2 

93.9 

17.1 

PS 

00044 

(.2.7 

0.0247 

9.7 

80.3 

41.2 

92.6 

18.1 

P5 

0.004S 

58.9 

0.0250 

9.6 

85.8 

45.9 

92.6 

17.6 

PS 

0.0043 

66.3 

0.0242 

9.8 

79.7 

50.2 

92.3 

17.7 

PS 

0.0042 

71.3 

0.0235 

9.8 

79.4 

53.0 

91.9 

19.0 

PS 

O.OIMO 

SO.U 

0.023 1 

9.4 

81.6 

58.2 

91.3 

17.5 

P7 

0.0090 


0.0300 

5.2 

70.5 

80.1 

89.0 

— 

P7 

0.0096 


00304 

3.4 

9.1 

8.8 

98,8 

— 

P7 

0.0102 


0.0257 

24.0 

394 

196,5 

76.1 


P7 

0.0123 


0.0312 

8.6 

12.1 

5.4 

99.1 

““ 

P7 

0.0130 

“ 

0.0305 

7.5 

15.4 

15.5 

97,8 


P8 

0.0106 


0.0268 

1.2 

291.0 

205.0 

69.2 

- 

P8 

0.0122 


0.0312 

6.0 

17.1 

6.6 

96.4 


P» 

0.0I3S 


0.UJ48 

7.2 

3.6 

2.6 

99.6 


P8 

0.0117 


0.0292 

6.8 

17.1 

23.6 

96.8 


P8 

0.0126 


0.0326 

95 

5.1 

18.7 

97.7 


P8 

0.0130 

.. 

U.0330 

9.1 

5.3 

35.4 

95.7 


P8 

0.0109 


U.0I09 

4.3 

4.6 

31.6 

96.2 


P8 

0.0146 


0.0146 

9.0 

1.7 

105.2 

87.7 


Pi) 

.0 


0.0133 

3.0 

37.6 

288.0 

65. > 

“ 

P8 

.u 

.. 

0.0140 

0.2 

J9.8 

402.3 

52.1 


P8 

.0 


0.0243 

12.0 

ll.o 

3.2 

99.4 


l« 


- 

0.0305 

12.0 

41.4 

4.0 

98.6 



Notes: ^ReprtsenU ritio of fuel to ii\ injectors adjacent to passigc sidewalls divided by total main burner fuel flow. 

Combustor lest rig conditions were inlet pressure of 6.K jlm. inlet lempersture of 768.9 K, and Inlet tirflo* 
rate of 6.88 kg/s. 


Knginc design conditions were <.umbustor inlet pressure ul 21.7 atm. Lumbuslor inlet temperature of 768.9 K. 
Slid combustor inlet airPov^ rale of 92.9 kg/s. 
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Figure 47 Staged Premix Combustor Combustion Efficiency as a Function of Pilot Burner Fuel-Air 

Ratio at Sea-Level Take-Off Conditions 


The ofIVct or fud-air mixture preparation was evaluated in two tests. In the first, the circum- 
ferential distribution of fuel in Configuration P5 was modified by dividing the main burticr 
fuel injectors into two groups, one group consisting of six injectors adjacent to the compart- 
ment sidewalls, and the other consisting of four injectors iit the center portions of the com- 
partments. Tests were conducted with various fuel splits between the two groups of injectors, 
while maintaining the total fuel How constant. The results showed no significant effect of 
fuel flow distribution on cither entissions of oxides of nitrogeivor combustion efficiency, 
even when the fuel flow rate to the injectors adjacent to the compartment walls was reduced 
17 percent below the design value or increased 19 percent above the design value. 

In the second test to evaluate the effect of fuel-air mixture preparation, the number of fuel 
injectors in the main burner was doubled through the use of duel fuel injectors (Configuration 
P8). Since the fuel flowthrough each injector was onc-half that of the configurations with 
the design numljcr of injectors, the dual injectors were modified to provide the same pressure 
diop, thereby maintaining the same fuel droplet characteristics. The results of these tests in- 
dicated that doubling the number of injectors produced no significant effect on the emissions 
characteristics of the combustor. 

An attempt was made to determine the effect of using a flameholder with slots instead of 
circular holes. Due to the very lean premix passage equivalence ratio, the configurations 
with the slotted fiamcholdcr were unstable at the sea-level take-off design point. Data were 
recorded at higher values of overall fuel-air ratio, but could not be scaled to an unstable op- 
erating point. Thus a direct comparison with the circular flameholder data was precluded. 

3. SWIRL VORBIX COMBUSTOR 

Test Results at Idle Conditions 

Tlic emissions test results obtained at idle conditions for the swirl vorbix combustor are 
shown in Tabic XXIII. At idle, only the pilot zone was fired. The best configuration, Con- 
figuration S8, closely approached the emission goals for idle conditions (without compres- 
sor bleed) with a carbon monoxide emission index of 29 compared with the goal of 20 and 
an unburned hydrocarbon emission index of 4.5 compared with the goal of 4.0. 

The effects of fuel-air ratio on the emissions of carbon monoxide are shown in Figure 48. The 
trends are similar for Configurations S2 through S7, with increasing fuel-air ratio producing 
a substantial decrease in carbon monoxide emissions. In contrast. Configurations S8 tlirougli 
SIO tended to produce lower carbon monoxide emissions at lower fuel-air ratios. 

All configurations exhibited similar trends with respect to the effect of fuel-air ratio on the 
emissions of unburned liydrocarbons. As shown in Figure 49, emissions of unburned hydro- 
carbons decreased when the fuel-air ratio was increased, 

Peak efficiency levels were not as high as those for the staged premix combustor, but the 
combustion efficiency of the swirl vorbix combustor wa.s less sensitive to fuel*air ratio than 
that of the staged pr^mix combustor. 
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TABLU XXill 


SWIRL VORDIX COMBUSTOR RMISSIONS AT IDLE CONDITIONS 



Emission Index (g/kg fuel) 





Total 

Combustion 


Oxides of 

Carbon 

Unbumed 

Efficiency 

Configuration 

Nitrogen 

Monoxide 

Hydrocarbons 

(Percent) 


WITH BLEED 


Goals 

~ 

20 

4 

99.1 

JT9D-7 Combustor 

— 

— 



S2 

2.9 

68 

28 

95.1 

S3 

2.1 

68 

29 

95.0 

S4 

2.9 

71 

37 

94.0 

S5 

2.9 

71 

37 

94.0 

S6 

3.0 

76 

33 

94.4 

S7 

3.0 

76 

33 

94.4 

WITHOUT BLEED 

Goals 


20 

4 

99.0 

JT9D-7 Combustor 

3.3 

77 

29.8 

94.7 

S8 

5.1 

29 

4.5 

98.8 

S9 

4,0 

57 

13 

97.1 

SIO 

4,3 

68 

6=6 

97.7 


Notes; Combustor rig conditions with bleed were inlet pressure of 2.93 atm, 
inlet temperature of 428 K, and fuel-air ratio of 0.0126. 

Combustor rig conditions without bleed were inlet pressure of 3,74 atm, 
inlet temperature of 456 K, and fuel-air ratio of 0.0105. 

Data for oxides of nitrogen have been corrected to combustor inlet air 
humidity of 6.3 g H20/kg dry air. 
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Figure 48 Swirl Vorbix Combustor Carbon Monoxide Emission Levels as a Function of Fuel- A ir Ratio 
at Idle Conditions 
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Fuel- Air Ratio at Idle Conditions 








Configurations S3 tliroiigli S7 incorporated lumicrous changes to die pilot burner that had 
been expected to improve the emissions at idle conditions. Included were changes to the 
pilot swirler airtlow, changes to the pilot burner dilution flow, and the addition bf an air 

scoop to increase the pressure drop across the fuel iioz/les. However, none of these signifi- 

cantly improved the emission levels. 

Configurations S8 through SIO incorporated fuel injectors with improved pressure atomizing 
fuel spray characteristics and incorporation of higli airflow rate main burner swirlers. In addi- 
tion, these configurations were tested at idle conditions without simulated compressor bleed, 
resulting in an operating point with higher combustor inlet temperature and pressure than 
that used for the previous configurations. The results indicated a significant improvement in 
emissions, but, because alt the design changes as well as the change in operating point were 
made simultaneously, the individual effects of the changes cannot be separated. It is known 
that the change in operating point would tend to reduce the emissions of carbon monoxide 
and unburned hydrocarbons. However, it is believed that the improved fuel injectors probably 
also produced a significant effect. 

The effect of decreasing tiie throat and rear liner height was assessed by comparing the data 
for Configuration S8. which had a throat height of 3.3 cm, with that for Configuration SIO, 
which had a throat height of 2.5 cm. These configurations otherwise were identical. The 
data indicate that the reduction in throat height produced a significant increase in carbon 
monoxide emissions and a sniall increase in the emissions of unburned hydrocarbons, while 
reducing the emissions of oxides of nitrogen. 

Test ResultS-aLSea-Level Take-Off Conditions 

The test results for the swirl vorbix combustor at simulated sea-level take-off conditions are 
presented in Table XXIV. Tlie swirl vorbix combustors exhibited very low levels of emis- 
sions of oxides of nitrogen with higli combustion efficiency. The best results were obtained 
with Configuration SIO. which demonstrated an emission index for oxides of nitrogen of 
12.4 at a combustion efficiency of 99.7 percent. This was the lowest emission level for oxides 
of nitrogen achieved in the program at the sea-level take-off design point in a configuration 
that also provided higli combustion efficiency. SAE Smoke Numbers varied with.configura- 
tion, with values ranging from 1 for Configuration S9 to 14 for Configuration SIO to 41 for 
Configuration S6. 

ITie swirl vorbix combustors generally exhibited a decrease in the emissions of oxides of ni- 
trogen as the fuel split was shifted to provide a liigher fuel-air ratio for the main burner and 
a lower fuel-air ratio to the pilot burner, as shown in Figure SO. The reason for this trend is 
that reducing the fuel-air ratio of the pilot burner reduces the temperature of the flow through 
the pilot burner section, thereby reducing the time that the flow remains at the high tempera- 
tures and pressures at which oxides of nitrogen are formed. Decreasing the pilot burner fuel- 
air ratio below approximately 0.002 results in instability which is reflected in a decrease in 
overall combustion efficiency, as shown in Figure 51. 
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TABLE XXIV 

VORBIX COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIONS 
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TABLE XXIV (Continued) 

SWIRJ. VORBIX COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIONS 
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TABLE XXIV (Continued) 

VORBIX COMBUSTOR EMISSIONS AT SEA-LEVEL TAKE-OFF CONDITIOsn^ 
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Engine design conditions were combustor inlet pressure of 21.7 atm, combustor inlet temperature 
of 768.9 K, and combustor inlet airflow rate of 92.9 kg/s. 


EMISSION INDEX 
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Figure 5 1 Swul Vorbtc Combustor Combustion Efficiency as a Function of Pilot Burner Fuel- A ir Ratio 
at Sea-Level Take-off Conditions 




A series of tests were condiieted to determine tlic effects of fuel source density on the emis- 
sions of oxides of nilropen. In one test, the number of fuel injectors was changed from 7 to 
13 without changing the fuel injector design, and in another, the number was changed with 
an. accompanying change in design to maintain the fuel injector pressure drop and, therefore, 
the spray cliaracteristics. Neither test resulted in any significant change in emissions. 

Combustor Configurations S8 througlt SIO incorporated main burner swirlcrs with a flow 
area that was approximately twice that of the previous configurations. Because of the in- 
creased size of these swirlcrs, axial staggering on the inner wall was required, although the 
swirlei'S were positioned as close to the main burner fuel injectors as possible to promote rapid 
dilution of-the fuel. In addition, to compensate for the increased flow through the swirlcrs, 
the liner dilution holes were blocked. Thc.se configurations demonstrated substantially lower 
emissions of oxides of nitrogen, but the specific effect of the increased swirler flow area could 
not be identified since a number of other changes were incorporated at the same time. 

The effect of changing the main burner fuel injection angle was evaluated in Configuration 
S9, which incorporated fuel injectors that injected the fuel downstream at an angle of 66 
degrees from the direction used for the other configurations. With this change, the main 
burner fuel was injected into the vicinity of the main burner air swirler discharge. This change 
produced a small improvement in emissions, reducing the emission index for oxides of nitro- 
gen from 15.5 to 14.6 at a combustion efficiency of 99.6 percent. 

The effect of combustor throat height was evaluated in Configuration S 10 in which the 
throat height was reduced from the 3.3 cm used in tire previous configurations to 2.5 cm. 

In addition, the main burner liner was narrowed to assess the impact of reduced mixture 
residence time both in the vicinity of the throat and in the main burner combustion zone. 

The pilot combustion zone was the same as that in Configuration S8. Tliis configuration 
produced the lowest emission level achieved in the program at sea-level take-off conditions, 
witlr an emissions index for oxides of nitrogen of 1 2.4 at a combustion efficiency Df 99.7 
percent. 


D. ASSESSMENT OF RESULTS 
1. TEST RESULTS AT IDLE CONDITIONS 

The test results obtained at idle operating conditions for the best combustor configurations 
from each concept are shown in Table XXV. Results arc presented for both the idle condi- 
tion with simulated compressor bleed and the idle condition without simulated compressor 
bleed, since data were obtained at both conditions and insufficient data are available to per- 
mit correcting either set of data to the other set ot conditions. Generally, the idle conditions 
with compressor bleed would be expected to produce higher emissions since the combustor 
inlet temperature and pressure are lower, both of which arc known to produce higher emis- 
sions, and because the fuel flow rate is lower, resulting in less effective fuel atomization. 
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TABLE XXV 
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SUMMARY OF TEST RESULTS FOR BEST CONFIGURATIONS OF 
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The staged premix combustor, Configuration P3, provided the best results at idle conditions 
in the program. It was tlic only configuration tliat produced emission levels that were better 
than the program goals for carbon monoxide and total unbumed hydrocarbons at idle co"»di- 
tions. Since this configuration was tested at idle conditions with simulated compressor bleed, 
stiil emissions would be expected if it were tested without simulated bleed. Since the 
staged premix concept is sensitive to premix passage fuel-air ratio, a resizing of the pilot zone 
airfiow- schedule to achieve stoichiometric burning at the lower fuel-air ratio would be required 
to maintain minimum idle emissions. None of the staged premix combustor configurations 
were successfully tested at the idle condition without simulated bleed. Tests vere attempted 
with Configurations P7 and P8, but both were unstable at the fuel-air ratio of 0.01 05 corres- 
ponding to the unbled condition. 

The swirl vorbix combustor did not meet the emission goals for the program at idle condi- 
tions, but it approached the goals and demonstrated a substantial improvement from the 
emission levels of the JT9D-7 combustor. The best results were obtained with Configura- 
tion S8, which was tested without simulated bleed. This configuration demonstrated an 
emission index for carbon monoxide of 29, which is 45 percent above the goal, but 62 per- 
cent below the JT9D-7 level. It also demonstrated an emission index for total unbumed hy- 
drocarbons of 4.5, which is only 13 percent above the goal, and is 85 percent below the 
JT9D-7 level. Configuration S3 provi ded the bes t swirl vorbix combustor results at idle with 
compressor bleed. 

The swirl-can combustor provided poor performance at idle conditions. The best results were 
obtained with Configuration N3 at idle conditions with bleed, with fuel supplied only to the 
inner row of carburetor modules. Slightly lower emission levels were obtained with Configu- 
ration N1 1 at idle conditions without bleed, but the difference is small, and testing of this 
configuration at idle conditions with bleed would be expected to result in emission levels 
higher than those demonstrated by Configuration N3. None of the swirl-can combustor con- 
figurations produced emissions at idle as low as those produced by the JT9D-7 combustor. 
Generally, the results showed that the swirl can combustor emissioi*s can be reduced by fuel- 
ing only the inner carburetor module row or by sector burning, but these techniques are not 
sufficient alone to meet the program emission goals. Analysis of the results suggests that the 
head plate dilution air is being added too rapidly, causing premature ’•eaction quenching. A 
sheltered or otherwise isolated pilot zone might provide acceptable emissions at low power. 

2. TEST RESULTS AT SEA-LEVEL TAKE-OFF CONDITIONS 

The test results obtained at sea-level take-off conditions for the best configurations of each 
combustor concept are presented in Table XXVI. Emissions data for oxides of nitrogen have 
been corrected to actual JT9D-7 engine operating conditions. The other data are presented 
at combustor rig test conditions. Operation of the test combustors at the higher pressures 
would be expected to result in higher efficiencies than those reported. 

Overall, none of the combustors met the emissions goal for oxides of nitrogen at tlie required 
combustion efficiency for the sea-level take-off conditions. The best combustor did provide 
a substantial improvement in emissions of oxides of nitiogen relative to the current JT9D-7 
combustor, however. 


TA13LR XXVI 


SUMMARY OF TEST RESULTS FOR BEST CONFIGURATIONS OF 
EACH COMBUSTOR CONCEI>T AT SEA-LEVEL TAKE-OFF 

CONDHIONS 


Oxides Of Nitrogen, 
Emission Index 


Combustor Concept 
and Configuration 

Corrected to Engine 
Ocsign Take-off 
Conditions (g/kg fuel) 

Combustion 

Efficiency 

(Percent) 

SAE Smoke 
Number 

Goals 

10.0 

99.0 

15 

JT9D-7 Combustor 

31.5 

99.99 

10 

Swirl Can 
Configuration N9 

13.6 

99.5 

1 

Staged Premix 
Configuration P3 

20.6 

99.4 

6 

Swirl Vorbix 
Configuration SIO 

12.4 

99.7 

14 


Notes: Oxides of Nitrogen data corrected to engine conditions with combustor 

inlet pressure of 21.7 atm, combustor inlet temperature of 768.9 K, 
iuid combustor inlet airflow rate of 92.9 kg/s. 

Combustion efficiency (based on gas sample) and SAE Smoke Number 
arc recorded data at test rig conditions with inlet pressure of 6.8 atm, 
inlet temperature of 768.9 K, and inlet airflow rate of 6.88 kg/s. 


The swirl vorbix combustor, Configuration SIO, provided the lowest emissions of oxides of 
nitrogen at the sea-level take-off condition. Although it did not meet the goal, it provided 
a 61 percent reduction in emissions of oxides of nitrogen relative to the JT9D-7 combustor, 
with an efficiency of 99.7 percent. The smoke level of the swirl vorbix combustors varied 
with configurations. Configuration SIO marginally met the goal with an SAE Smoke Num- 
ber of 14 at the combustor segment rig operating conditions, but higher smoke levels would 
be expected at actual engine operating pressures. 

The best swiri-can combustor configuration (N9) exhibited a 57-percent reduction in emis- 
sions of oxides of nitrogen relative to the JT9D-7 combustor at an efficiency of 99.5 percent. 
All of the swirl-can combustors provided low smoke levels, with the N9 configuration provid- 
ing an SAE Smoke Number of 

Staged premix combustor Configuration P3, which was the best of the staged premix com- 
bustors tested, exhibited significantly higher emissions of oxides of nitrogen than did the 
swirl vorbix and swirl can combustors. However, it still demonstrated a 35-percent reduction 
in emissions of oxides of nitrogen relative to the JT9D-7 combustor. Taken as a class, the 
staged premix combustors were deficient in combustion efficiency at high power ievels. 
Smoke levels were low for all configurations. The high emissions and low efficiency levels 
are not characteristic of combustors with lean combustion of prevaporized, homogeneous 
fuel-air mixtures. Since the combustor premix passages were nominally sized for lean fuel- 
air ratio fequivalance ratio of 0.7), it appears that only limited premixing and vaporization 
were actually accomplished in the configurations tested in this program. 
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E. COMBUSTOR PERFORMANCE 


In addition to the combustor emissions measurements, performance measurements were made 
during the Phase 1 screening tests. Included were measurements of pressure loss, exit tempera- 
ture pattern, idle lean blowout, altitude stability and relight characteristics, and durability. 
The results of these measurements are summarized below. 

1. PRESSURE LOSS 

The measured values of combustor, diffuser, and system pressure loss are summarized in 
Table XXVIl for all configurations tested. As shown, the overall combustor section loss was 
generally held close to the goal of 6 percent except for Configurations N7 and N9 through 
N13. These configurations incorporated a diffuser blockage screen to improve the airflow 
distribution at the combustor headplatc raising the pressure loss by approximately 2.1 per- 
cent. This approach was used as an expedient method of improving the airflow in the screen- 
ing tests and is not considered to be a realistic approach for engine application. 

2. EXIT TEMPERATURE PATTERN 

Exit temperature traverse data were taken at the idle and the simulated take-off operating 
conditions. The resulting data were plotted as circumferential profiles which were then re- 
duced to the form of combustor exit temperature pattern factor and average radial profile. 


Circumferential Profiles 

The circumferential temperature profiles were reviewed to identify the areas of nonuniformity 
(which are undesirable since they represent hot spots that have an adverse effect on turbine 
durability) and to relate the areas of nonunifoi inity to specific features of the combustor 
where possible. The influence of the sector combustor rig sidewall cooling is readily apparent 
in all the profiles. 

The circumferential temperature profiles for a representative swirl-can combustor at idle and 
take-off conditions are shown in I'igures 52 and 53, respectively. Both profiles, but particu- 
larly the profile for idle conditions, show regions of increased temperature in line with the 
diffuser struts. Since the fuel was distributed uniformly at the combustor headplate, these 
regions indicate reduced airtlow directly downstream of the struts. 

The circumferential temperature profiles for a staged premix combustor are shown in Figures 
54 and 55. At idle conditions, the highest temperatures occurred in line with the struts, ap- 
parently because the sheltered regions downstream of the struts acted as flameholdcrs for the 
pilot burner. In addition, in Configuration PI, for which the data are shown, no liner dilution 
air was supplied to that portion of the circumference occupied by the strut compartments, 
which increased the degree of noiumiformity in the temperature profile. At take-off condi- 
tions, the profiles were reversed, with the region behind the struts being characterized by 
lower temperatures. The reason for this was that no main burner fuel injectors were located 
in the strut compartments to prevent fuel aspiration in the strut wake, 


TABLK XXVIi 




SUMMARY OF COMBUSTOR PRESSURE LOSS TEST RESULTS 



Overall 

Combuslor 

DilTiiser 


Pressure 0)ss 

Pressure Loss 

Pressure Loss 

CoiifiBuraiion 

(Pereenl) 

< Percent ) 

(Percent ( 

C’lOal 

< (>.() 



JT9D-7 

5.5 

3.0 

2.5 

Swtrl'C'aii ('omhusior 




Nl 

4.0 

1.5 

2.5 

N2 

4.6 

s 2 

2.4 

N3 

5.3 

2.7 

2.6 

N4 

5.1 

2.4 

2.7 

NS 

5.6 

2.9 

2.7 

N(i 

5.7 

2.9 

2.8 

N7 

8.2* 

3.2 

2,9 

N8 

5.9 

2.8 

3.1 

N9 

7.4* 

2,3 

3.0 

NIO 

9,0* 

3.5 

3.4 

Nl 1 

9.4* 

4.2 

3.1 

N12 

7.5* 

2.3 

3.1 

N13 

7.4* 

2.3 

3.0 

Staged Preinix Combustor 




PI 

6.6 

3.1 

3.5 

P2 

4.9 

2.6 

2.3 

P3 

5.3 

3.0 

2.3 

P4 

5.6 

2.6 

3.0 

P5 

5.6 

2.6 

3.0 

P() 


— - ■ 

•- 

P7 

6.1 

2.9 

3.2 

P8 

6,1 

2.9 

3.2 


- 


— 

Swirl Vorbix Combustor 




SI 

5.0 

2.2 

2.8 

S2 

5.7 

3.0 

2.7 

S3 

5.5 

3.0 

2,5 

S4 

6.1 

3.1 

3.0 

S5 

6.1 

3.1 

3.0 

S6 

6,7 

3.7 

3.0 

S7 

6.7 

.3.7 

3.0 

S8 

5.6 

2.6 

.3.0 

S9 

5.6 

2.6 

3.0 

SIO 

5.6 

2.6 

.3.0 


♦InduJes diffuser scrcL ‘11 pressure loss of ’.1 pereeiit. 
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The swirl vorbix combustor exhibited the most unilorm circumferential temperature profiles 
of tlic three concepts investigated. At idle conditions, the temperature profile exhibited 
some noniiniformily attributable to the diffuser strut wakes, as shown in lugure 56, but over- 
all, the profile is relatively uniform. At take-off conditions, the temperature profile did not 
exhibit periodic nonuniformities that could be related to either dilluscr strut wakes or to the 
location of the pilot fuel injectors, as shown in I’igurc 57. 

Pattern Factor 

The combustor exit temperature pattern factors for each contiguration arc summarized in 
Table XXVI 11. It should be noted that inadec|uate durability of the traverse rake thermo- 
couples hindered the acquisition of data, and a number of tests were conducted with fewer 
than five operational thermocouples. Tor tliese tests, the pattern tactor was calculated on 
the basis of the maximum temperature observed using the remaining functioning thermo- 
couples. Average combustor exit temperatures were determined on the basis of the gas sam- 
ple (carbon balance) fuel-air ratio. 

Review of the data indicates that the pattern factors at take-off conditions were generally in 
the range of 0.5 to 0.6 for all three combustor concepts. Although these values arc sub- 
stantially higher than the goal of 0.25. it is anticipated that the pattern factors at take-oil 
conditions can be reduced significantly with development. The high pattern factors at idle 
arc not of particular concern, since the average temperature levels arc low. and the high pat- 
tern factors at this condition therefore do not impose durability problems in the turbine. 


Radial Exit Temperature Profiles 


The average combustor exit radial profiles were determined from the exit temperature tra- 
verse data. In general, it was found that the radial profile varied considerably with configa 
rational changes. 


Representative protlles for each concept at idle conditions are shown in Figure 58. The pro- 
files were strongly influenced by the location of the pilot zone. The swirl can combustor ex- 
hibits a profile with a high peak near the outer wall, while the staged premix combustor is 
biased toward the inner wall. The swirl vorbix combustor exhibits a nearly Hat profile, con- 
sistent with its axially staged design. Although temperature profiles at idle are not generally 
of concern, the severely p ;akcd profile ol the swirl-can combustor at idle could require con- 
sideration of its affect on the turbine. 


b'igure 59 presents the average radial tem|>erature profiles for the combustor concepts at 
take-off conditions. All three exhibit a peak at the center, whereas the target profile tor the 
JT9D-7 engine provides a peak near the 70 percent span location. The radial profile goal is 
considered to be achievable with additional combustor development, although the task would 
be difficult in those combustor concepts which do not provide liner dilution flow. 
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TABLE XXVIII 


SUMMARY OF COMBUSTOR EXIT TEMPERATURE 
PATTERN FACTOR RESULTS 


I’udurn l''ac(or 

idle Uil« ' 

With bleed Without Bleed Tako-oft' 
ConfiKuration Conditions Conditions Conditions 


Goal 

— 


<0.25 

JT9D-7 


— 

0.42 

Swirl-Can Combustor 

N2 

0.50 

. . _ 

0.50 

N3 

1.07 

— 

0.88 

N4 

1.05 

— 

0.73 

NS 

2.01 


0.77 

N6 

. 1.70 

_ 

0.48 

N7 

— 

1.99 

0.53 

N8 



1.82 

_ 

N9 

— 

1.86 

— 

N12 

— 

1.04 

0.63 

Staged Premix Combustor 

PI 

1.14 


0.51 

P2 

1.50 

— 

— 

P3 

1.94 


0.50 

P4 

1.05 



0.49 

P8 

— 

0.61 

- ■ 

Swirl Vorbix Combustor 

S2 

0.36 

— 

0.54 

S3 

0.45 

— 

0.65 

S4 

0.67 

— 

0.57 

SS 

^ _ 

^ — 

0.58 

S6 


— 

0.57 

S7 

— 

— 

0.93 

S8 

_ ^ 

0.58 


S9 

— 

0.S2 

0.51 

SIO 

— 

— 

0.49 


Notes: Combustor rig idle conditions with bleed were inlet pressure of 2.93 aim, inlet 

temperature of 428 K, and fuebair ratio of 0.01 26. 

Combustor rig idle conditions without bleed were inlet pressure of 3,74 atm, inlet 
temperature of 456 K, and fuel-air ratio of 0.0 1 05. 

Combustor rig take-off conditions were inlet pressure of 6.8 atm, inlet temperature 
of 768.9 K, and fuel-air ratio of 0.0227. 
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COMBUSTOR EXIT TEM^RATURE 


CQWFIOURATIQN SYM8QI 


DATA NOnMALiZEO TO AVERAGE EXIT TEMPERATURE OF 92? K 


COMBUSTOR EXIT SPAN PERCENT 


Fi&tre S8 Radial Exit Tetnperature Patterns for Swirl-Can Combustor Configuration N5, Staged Premix 

Combustor Configuration PI, and Swirl Vorbix Combustor Configuration S4 at Idle Conditions 


T4 

768 9 K 
1/B - D.0237 


JT90 7 \ 
k ENGINE 


normalized to 1633 K 
AVERAGE EXIT TEMPERATURE 


COMBUSTOR EXIT SPAN ' PERCENT 


Figure 59 Radial Exit Temperature Patterns for Swirl-Can Combustor Configuration bI5, Staged l^cmix 

Combustor Configuration PI, and Swirl Vorbix Combustor Configuration S4at Take-off 
Conditions Shown With JT9D-7 Engine Pattern 



3. IDLE LEAN BLOWOUT 

Idle lean blowout data were taken for selected combustor configurations, and the results arc 
shown in Table XXIX. The best results were obtained witlt the swirl vorbix combustor con- 
cept, for which most configurations demonstrated lean blowout limits that were comparable 
to those of the JT9U-7 combustor. This result was expected, since the pilot burner of the 
swirl vorbix combustor is similar in design to a conventional burner. Tiic swirl-can combus- 
tor configurations exhibited considerably higher lean blowout limits with two configurations, 
NIO and Nil, demonstrating just marginally acceptable limits of 0.0050 and 0.0043, respec- 
tively. None of the staged premix combustor configurations approached the JT9D-7 lean 
blowout limit of 0.004. Both the staged pro mix and the swirl-can combustor concepts will 
require some design changes to improve idle stability. 


TABLE XXIX 

SUMMARY OE COMBUSTOR IDLE LEAN BLOWOUT TEST RESULTS 



Lean Blowout Fuel-Air Ratio 


Idle 

Idle 


With Bleed 

Without Bleed 

Conriguration 

Conditions 

Oinditlons 

JT9D-7 


<0.004 

Swirl-Can Combustor 



N3 

0.00S8 

— 

N4 

0.00S8 

— 

N5 

0.0079 

— 

NIO 


0.005G 

Nil 

— 

0.0043 

staged Premia Combustor 

0.0076 


P2 

0 00S8 

~ — 

P3 

0.0065 

— 

P4 

0.0082 

** — 

Swirl Vorbix Combustor 



S2 

0.00S6 

— 

S3 

0.0034 

- - 

S4 

0.0037 

— 

ss 

0.0037 


S6 

0.0044 

— 

S7 

0.0044 

— • 

59 

^ _ 

C.0044 

SIO 


0.0041 


Notes; Combustor rig idle conditions with bleed were inlet pressure of 2.92 »tm and inlet 
temperature of 42S K. 

Combustor rig idle conditions without bleed were inlet pressure of 3.74 atm and 
inlet teinpcraiti'e of 4S6 K. 
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It shoiilii lK‘ noUul Hull no attcmiit was maik' in ihcstj losts to sinnilalc actual engine cxjiuli- 
tions during lean blowout, since idle pressure and How levels were maintained during the 
lean blowoul tests. In an engine subjected to a snap deceleration, fuel How would drop essen- 
tially instantaneously, while the inertia of the rotating machinery would slow the response ol 
the airflow. 1'his lag results in a lean bucket on the transient luel-air ratio curve. Since the 
lean buckcl occurs at pressure ami temperature levels hi.ahcr than the idle values, Ihejag 
values of lean blQVwnit may be considered conservative. 

4. ALTITUDE STABILITY AND RELIGHT CHARACTERISTICS 

Altitude stability and relight tests were conducted on the swirl-can and staged premix com- 
bustors to assess the capability of low-emission combustors to satisfy current engine relight 
i-cquircments. The swirl-vorbix combustor was not altitude stability tested. However, since 
it incorporates many of the features of con ven lion'll combu.slors. such as direct-luel injection 
into the combustion zone and swirl stabilized recirculalion, this concept should be capable of 
meeting currcnl engine relight retiiiiremcnls with siillicient development. 

Tlic swirl-can combustor relight tests were conducted in Conliguration Nl 2. which contained 
outer swirl flameholders and pressure atomizing nozi lcs spraying through the center ot the 
carburetor swirlcrs. Only tlic outer row of carbureior can modules were fueled for these 
tests, As shown in Rgurc OO, this combustor fell considerably slrort ot the JT9D altitude re- 
light envelope. The highest minimum pressure blowout occurred at only 5500 m. compared 
with the design level of 9000 m. Relight capability ranged from 4000 m at the lowest value 
of combustor airflow investigated to 1 500 m at the highest airtlow. Use of a 20 J ignition 
system instead of a 4 J system did not significantly improve the lighting capability. Propa- 
gation .was generally slow, in some instances reciuiring 30 seconds or more to reach the fully 
lit condition. 



I'iSurc 60 Swifl Ciiii Combustor Configuration M2 A Itilmlc Stability ami Relight 7'est Resvits Sliovn 
on J'lVDAItItwIc Rfligltl Rnveiopc 
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The staged pieniix comhuslor relight tests were conducted on Configuration P9. This con- 
figuration featured slotted flaineholders in both Ujo pilot and main Inirning /.ones, and used 
liner- tli hit ion air to divert air away from llie premix jnissage and increase the premix pa.ssage 
equivalena’ ratio. Only the pilot /.one was fueled for the stability and relight tests. The re- 
sults are sliown in I'igure bl and indieatc considerably better altitude stability and relight 
capability for the staged premix combustor than for the swirl-can combustor, altliough it 
still fell short of the JT9|) requirement. Minimum pressure blowout occurred from 7000 m 
to 8550 m. Lights, however, were obtained only to a maximum of 2350 m using the con- 
ventional JT9IJ engine 4J ignition system when fuel was flowed to all of the pilot-zone luel 
nozzles. Flowing fuel to every other fuel nozzle in addition to the two nozzles adja,xnt to 
the ignitor and using a 20 J ignition source improved the relight performance, increasing the 
maximum relight altitude to 6100 m. All of the lights obtained propagated rapidly, generally 
in less than one .second. 

5. COMBUSTOR DURABILITY 

Durability problems were encountered in all three combustor concepts, but they were gene- 
rally localized and related to specific design deficiencies. Overall, the combustor liner durabil- 
ity was found to be satisfactory in all concepts. It should be noted, however, that the maxi- 
mum combustor rig inlet pressure was limited to 6,8 atm, precluding a durabilit y assessment 
at full engine take-off pressure condiiions. 

In the swirl-can combustor concept, the durability problems were associated with upstream 
burning caused by fuel aspiration. This burning was usually confined to areas of deficient 
airflow upstream of the combustor, generally in the wake of the diffuser struts and fuel in- 
jector supports. The problem was greatly reduced by modification of the prediffuscr con- 
tour and by reducing the fuel injector strut blockage. Installation of a screen at the diffuser 
strut trailing edge completely cl'minated the problem. Certain swirFcan combustor configu- 
rations also exhibited evidence of excessive flameholder temperatures, but the test conditions 
could be controlled to prevent damage. 

The staged premix combustor concept exhibited durability problems with both the pilot 
and the main burning zone flameholdcrs. lixeessive temperatures were recorded during nearly 
every test, and localized melting was a common occurrence. Analysis indicated that local 
cracking generally preceded melting, with the cracking being caused by the thermal stresses 
produced by mounting the hot flameholder in a relatively coot, rigid framework. The prob- 
lem could bo alleviated by changing the design to permit the flameholder to float in its sup- 
port, but the metal temperatures would still exceed those required for long-term durability. 
Some improvement was obtained during the jirogram by the use of transpiration-cooled 
flameliolders in the later configurations, but flameholder durability continues to be a primary 
problem area for premix combustors. Another serious problem with premix combustors is 
autoignition. The problem was not encountered in this program. However, the combustors 
were designed for autoignition safety at full engine pressure up to 2 1 .7 atm whereas actual 
testing Was conducted at 6.8 atm, providing a very large autoignition safety margin. 
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Durability problems with the swirl vorbix combustor concept were confined to the tliroat 
and the main burner dilution air swlrler areas. The throat region experienced excessive 
metal temperatures as a result of the combination of two factors: it is exposed to a high 
velocity, high temperature gas stream; and the cooling louvers arc in the wake of the pilot 
zone, resulting in reduced coolant air feed pressure. The problems in the swirler region re- 
sulted from the fact that the swirlcrs were immersed in the burning gas stream, and the fact 
that the swirler installation blocked the cooling louvers immediately downstream. All of 
these problems appear solvable with detailed combustor design refinement. 



Figure 61 


Staged Premix Combustor Configuration P9 Altitude Stability and Relight Test Results 
Shown in JT9D A Ititude Relight Envelope 


F. DEVELOPMENT STATUS 


1. EMISSION REDUCTION STATUS 

The Phase 1 pollutant emission goals were not adiicved by any of the combustor concepts 
investigated in this program. The swirl-can and swirl vorbix concepts demonstrated the 
lowest NOj. emission rales at the (ake-olTtcsl condition, achieving levels more than 50 percent 
below the current JT9D-7 production engine level. I he staged premix concept met the idle 
CO and TIK' goals. No single configuration demonstrated minimum emissions at both the 
idle and lake-olT test conditions, complicating the selection of a single most promising con- 
cept. 

The swirTcan combustor concept appears to be effective in reducing emissions of oxides of 
nitrogen at high power levels. The data indicate that additional emission reduction could be 
achieved through an increase in the reference velocity. The emi.ssions at idle conditions, 
however, are well above the goals, and a major redesign would be required to meet the goals 
at these comlitions while still retaining the demonstrated low emissions of oxides of nitro- 
gen at high power. 

In contrast, the staged premix combustor easily met the emissions goals for low power condi- 
tions. but provided the least a-duction in oxides of nitrogen emissions at high power of any 
of the concepts investigated. In addition, a serious olT-de.sign combustion efficiency prob- 
lem was identified. This concept, tlierefore. warrants additional development to capitalize 
on its low-power emissions, but requires considerable development to meet all of the perfor- 
mance requirements. 

The swirl vorbix combustor provided a balance between low enii.ssions at idle conditions and 
low emissions at high power. It approached the goals at the idle condition, and it provided 
the lowest emissions of oxides ol nitrogen at high power ol any ot the concepts investigated. 
The smoke levels were marginally acceptable, however, at the combustor rig simulated take- 
off conditions. The smoke level would be expected to increase at full engine take-off pres- 
sures. 

2. AEROTHERMODYNAMIC STATUS 

Although the primary emphasis of the program was the reduction of pollutant emissions, a 
secondary objective was the iilentification of operational and performance problem areas re- 
quiring further development in Phase II. On the basis of these results, the amount of develop- 
ment required for each of the concepts to meet the selected irerformance requirements was 
estimated. These estimates are summarized in Table XXX. 

3. INTERMEDIATE POWER CONSIDERATIONS 

A qualitative assessment of the off-design emissions and performance characteristics of each 
of the combustor concepts was iiiaile on the Inisis ol data obtained during the program. The 
power conditions addressed were the approach power conditions (approximately 30 percent 
of take-off thrust) and the high altitude cruise condition. 


TABLH XXX 


SUMMARY OF EXPERIMENTAL CLEAN COMBUSTOR 
PERFORMANCE STATUS 


Development Status* 



Swirl-Can 

Staged Premix 

Swirl Vorbix 


Combustor 

Combustor 

Combustor 

Pressure Loss 

1 

1 

1 

Exit Temperature Pattern Factor 

3 

3 

3 

Radial Exit Temperature Profile 

3 

3 

3 

Durability 

2 

3 

2 

Carboning and Nozzle Coking 

2 

2 

2 

Idle Stability (Lean Blowout) 

2 

3 

1 

Altitude Relight Characteristics ' - 

3 

3 

2 


*Development Status Code: 1. Currently meets requirement 

2„ Should meet requirement with normal develop- 
ment 

3. Should meet requirement with extensive de- 
velopment. 

The approach power condition is most critical for the staged combustors since this power 
level is close to the desired staging level. Approach power could be achieved, therefore, 
either on the pitot burner alone, operating near its maximum fuel-air ratio, or on both the 
pilot and main burners. In either case, the combustor inlet temperature and pressure levels 
are substantially below the take-off levels, and the overall fuel-air ratio will be approximately 
two-tliirds the take-off level. From an aircraft operational standpoint, use of both the pilot 
and the main burners during approach is desirable since it provides a more rapid engine ac- 
celeration rate. 

Test results from the staged premix and swirl vorbix combustors indicate that the pilot burner 
should operate at or close to its idle design fuel air ratio at the approach power condition if 
both burners are used. The reason for tliis is that the combustion efficiency is strongly de- 
pendent on the pilot fuel-air ratio, with relatively high pilot fuel-air ratios being required at 
low combustor inlet temperatures and pressures. However, if the pilot burner is operated at 
a fuel-air ratio close to its idle design point, the main burner must operate at a fuel-air ratio 
well below its design point. The effect of this type of operation was assessed by reviewing the 
data obtained at test rig simulated take-off conditions. These conditions approximated the 
combustor inlet pressure that would occur at approach. The inle* temperature in the rig was, 
of course, liighcr than that which would occur at approach, and, therefore, the efficiency 
based on the rig data will also be higher than would actually be achieved at approach. 1 he 
relative differences among the three combustor concepts, however, are still believed to be valid. 
These results show that the swirl vorbix combustor exhibits only a small decrease in efficiency 
with decreasing fuel-air ratio, while the staged premix combustor exhibits a much greater loss 
in efficiency. The swirl-can combustor demonstrated an intermediate efficiency loss. 
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Oil tlie basis of these results, it appears that tlic swirl vorbix combustor is the most likely of 
the three concepts to provide acceptable combustion efficiency at approach conditions using 
both stages, while the staged premix combustor will encounter serious efficiency problems 
when operated as a two-stage system at intermediate power. 

High altitude cruise operation is characterized by reduced combustor, inlet temperature and 
pressure relative to sea-level take-off conditions, but the overall fuel-air ratio is close to the 
sea-level take-off value. When compared to the simulated take-off conditions used in the 
test rig, only the cruise inlet temperature is significantly different from the rig conditions. 

A small increase in the pilot burner fuebair ratio could compensate for the reduced inlet 
temperature at cruise conditions. Therefore, since none of tlie combustor concepts exhibited 
serious efficiency problems at simulated rig take-off conditions, it appears that they should 
also provide acceptable efficiency at cruise conditions. However, minimizing emissions of 
oxides of nitrogen at cruise conditions will represent a compromise with cruise combustion 
efficiency. 

4. APPLICATION OF RESULTS 

The Phase I combustor configurations have been specifically designed for installation in the _ 
JT9D family of engines. As a result, no major gas flowpath or structural changes will be re- 
quired to adapt one of the concepts from this program to a production JT9D engine. How- 
ever, it is evident that the two-stage concepts as a class are considerably more complex than 
the conventional single-stage design they would replace. In particular, the number of fuel 
injectors is substantially greater, with attendant increases in the number of combustor case 
ports and fuel manifold complexity. The degree of fuel management needed to separately 
control the pilot and main burner fuel flows independent of the total fuel flow will result in 
an increase in the complexity of the fuel control. In addition, the increased volume occu- 
pied by the external fuel system, including the fuel manifolds, staging valves, and fuel con- 
trol unit will probably require revision of the aircraft nacelle layout. Consequently, although 
it is premature to assess the actual magnitude of the impact, it is clear that incorporation of 
a two-stage combustor in a production engine will increase the engine complexity, weight, 
and cost. 

In addressing the problems of intermediate power efficiency, the designer has the freedom 
to vary the pilot burner-to-main burner fuel split, to change the main-burner staging point, 
and, if necessary, to depart from tlie pilot and main burner designs which were specifically 
optimized for idle and sea-level take-off conditions, respectively. However, the combustor 
concepts impose constraints with respect to high altitude fliglit operation including stable 
operation in both zones and high efficiency at all steady-state cruise points. Any reduction 
in efficiency at cruise is reflected in a significant increase in aircraft fuel consumption. This 
is considered to be an unacceptable trade for reduced emissions at sea level. 

Combustor hardware durability remains an unknown at this time. Although all of the com- 
bustor concepts studied in this program were designed with adequate cooling and structural 
integrity to withstand long-duration cyclic tests in an engine, experience indicates that prob- 
lems in combustors often involve localized overheating which frequently are not identified 
until engine cyclic endurance testing is performed. The design problem is made more diffi- 
cult by the unconventional design of the two-stage combustor approaches. 
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The paltern factor and railial profile data obtained during Pliasc I arc considered to be rea- 
sonable with respect to aclucvement of acceptable performance, given sufficient development, 
althouglJ refinement of lire exit temperature distribution will be more difficult in those de- 
signs whicli employ no aft liner dilution air. In addition, any diversion of quenching air to 
the downstream dilution holes for the purpose of exit temperature pattern control will tend 
to compromise the control of emissions of oxides of nitrogen at high power levels. 

Improvcmeiits in combustor lean blowout and altitude relight characteristics can be approached 
through local fuel enrichment, either through modilication of the combustor airflow split, 
changes in the fuel injector design, or by addition of an auxiliary fuel system. The principal 
impact of-these changes would probably be an increase in liardware complexity. 


G. CONCLUDING REMARKS 

The Phase I I- x peri mental Clean Combustor Program work explored three candidate low 
emission combustion concepts, defining their potential lor reducing emissions, qualitatively 
characterizing tlioir performance, and identifying areas requiring additional dc\elopment. 

I'rom tlicse results, it has been possible to select two promising concepts for refinement and 
optimization in Phase II in preparation for thial selection of a single concept for engine testing 
in Phase 111. 

Tlie concepts selected for Phase II are a swirl vorbix concept and a hybrid concept. These 
concepts represent an attempt to include features that will be effective in simultaneously 
reducing emissions at both idle and high power conditions. The designs draw directly on the 
design trends tliat were identified in Phase I but whicli involved hardware modifications that 
were beyond the scope of the Phase 1 screening program. 

The Phase II swirl vorbix combustor was evolved directly Irom the Phase I swirl vorbix com- 
bustor. Configurafioti SIO. The primary difference between the two is that in the Phase 11 
eombuslor the pilot zone volume has been increased in order to improve tlie carbon monoxide 
and unburned hyilrocaibon emissions at idle conditions. This was accomplished by moving 
tlie vorbix throat location downstream approximately 3.8 cm. while maintaining the pilot 
zone liner height at the Phase 1 value. In addition, the main burning zone residence time has 
been reduced by the downstream displacement of the lliroat. This cliange is expected to pro- 
vide additional reduction in tlie emissions of oxides of nitrogen at high power conditions. 

The hybrid combustor concept combines pitot zone fcatua'sot the staged premix combustor 
(Configuration P3) with the main burning zone fcaliiios ot the swirl-can concept, primarily 
from Configuration N9. It is intended that tliis approach will combine the excellent emis- 
sions characteristics of the staged premix eombuslor at idle conditions with the good emis- 
sions of the swirl-can concept at high power conditions. 
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The Phase II program places considerable emphasis on intermediate power performance, 
which is an area that was not addressed in detail during Phase I. Five power settings will be 
simulated, including approach (30 percc u of take-off thrust), climb (85 percent of take-off 
thrust), and cruise, as well as idle and take-off power settings. At the approach power setting, 
techniques will be investigated for-improving combustion efficiency, including circumferential 
staging and single-ione operation. Testing at idle and.take-off conditions will verify that the 
emissions reductions demonstrated during Phase I are niaintained. Performance characterise 
ticsincluding exit temperature distribution, idle .stability, and relight characteristics will be 
more thoroughly explored during this phase. Possible trades between emission reduction 
capability and performance will be investigated. The Phase II program will culminate with 
the selection and optimization of a single concept for the Phase III engine demonstration test. 
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CHAPTER IV 


ADVANCED SUPERSONIC TECHNOLOGY ADDENDUM 


A. PROGRAM PLAN 

The work conducted under the Advanced Supersonic Technology (AST) Addendum was di- 
rected toward the accomplishment of two objectives. The first was the reduction of the 
emission of oxides of nitrogen at supersonic flight conditions without compromising otlnr 
combustor requirements such as efficiency, stability, and low emission characteristics at other 
operating conditions. The second objective was to prepare a conceptual combustor design 
for potential AST engine application. ' 

The program was divided into three tasks, as follows; 

Task 1 - AST Screening Tests 

Task 2 - AST Cruise Design 

Task 3 - AST Conceptual Design 

Task 1 consisted of testing the most promising combustor configurations from Elements I and 
II of the basic Experimental Clean Combustor Program at simulated supersonic cruise condi- 
tions. These tests were conducted concurrently with the basic program testing. 

Task 2 , which was conducted following completion of the screening tests, consisted of re- 
designing, fabricating, and testing the two most promising concepts identified in Task 1, using 
one concept from each of the basic program elements. ' 

Task 3 consisted of preparing a conceptual design of an AST combustor concept for a specific 
AST study engine cycle and geometric configuration, without the constraints of the Cl'OL 
designs. This combustor was specifically intended to produce minimum emissions of oxides 
of nitrogen consistent with high efficiency at the supersonic cruise condition while maintain- 
ing reasonable assurance of efficient operation at other power levels.-' 

The AST supersonic cruise condition was defined in Chapter I and represented the conditions 
that would exist for a JT9D-7 combustor run at AST cruise inlet temperature and pressure. ' 
These conditions resulted in a combustor reference velocity of 27 6 m/s for the swirl-can and 
staged premix combustor concepts and a reference velocity of 41 .9 m/s for the swirl vorbix 
combustor concept. However, AST engine designs currently under study are characterized by 
lower pressure ratios and somewhat higher combustor reference velocities than current 
CTOL engines. Consequently, the test program included parametric variations of the com- 
bustor reference velocity for selected combustor configurations to provide a more compre- 
hensive definition of the emission trends. 

The performance and emission goals for this work were ^Iso defined in Chapter I. 




B, TASK I - AST SCREENING TESTS 

1. CONFIGURATIONS TESTED 

A total of seventeen combustor configurations were selected from Elements I and II for test- 
ing at the AST cruise conditions. These configurations are identified in Tables XXXI, 

XXXII and XXXIII. Included were nine swirl-can combustor configurations, three staged 
premix combustor configurations, and five swirl vorbix combustor configurations. 

TABLE XXXI 

SWIRL-CAN COMBUSTOR CONFIGURATIONS 
TESTED AT AST CRUISE CONDITIONS 


Configuration 

Sea -jevel 

Take-off 

Carburetor 

Equivalence 

Ratio 

Plameholder Type 

Fuel 

Injector Type 
(l^ssure Drop) 

Liner 

Dilution 

Air 

Remarks 

N3 

1.0 

Hexagonal 

Low 

No 


N4 

1.0 

Hexagonal 

Wgh 

No 


N5 

0.65 

Hexagonal 

Low 

No 


N6 

1.0 

Hexagonal with 
sheltered zone 

Low 

No 


N7 

1.0 

Hexagonal with 
1.3 cm recessed 
swirleis 

Low 

No 

Diffuser included 76% blockage screen 

N8 

1.0 

Hexagonal with 
1.3 cm recessed 
swirleis 

Low 

No 

Diffuser included V-guttcr 

N9 

1.1 

Outer swirler 
flamehotder* 

Low 

No 

Diffuser included 76% blockage screen 

NIO 

1.5 

Hexagonal with 
swirler blockage 
plate 

Low 

No 

Diffuser included 76% blockage screen 

N12 

NA 

Outer swirler flame- 
holder* 

High 

No 

Diffuser included 76% blockage screen 


*ln outer zone, outer and inner swirleis produced co-rolatlng flows. In inner and middle zones, outer and inner 
awirleri produced countir-rotating flows. 
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TABLE XXXIl 

STAGED PREMIX COMBUSTOR CONFIGURATIONS 
TESTED AT AST CRUISE CONDITIONS 




Equivalence 

Equivalence 





Ratio 

Ratio at 

Number 

Dilution 


Flameholder 

at Idle 

Take-off 

Injectors 

Air 

Configuration 

Hole Pattern 

(Pilot Only) 

(Pilot and Main)* 

Pilot Main 

(Percent) 

P4 

Circular 

0.89 

0.69 

10 10 

13 

P7 

Slotted 

0.84 

0.52 

10 10 

0 

P8 

Slotted 

0.84 

0.52 

10 20 

0 


•Average equivalence ratio for pilot burner plus main burner p.rem 


TABLE XXXIII 

SWIRL VORBIX COMBUSTOR CONFIGURATIONS 
TESTED AT AST CRUISE CONDITIONS 


Main Burner 


Fuel Injector 



Injector 

Cilal 

Dilution 

Swirler 

Swirler 

Dilution 


Angle 
to Flow 

throat 

Configuration 

Type 

Swirler 

Airflow 

Type 

Orientation 

Air 

Number 

(Degrees) 

Height (cnil 

S3 

Aerated 

Baseline With 
Blockage Ring 

Yes 

Straight 

Vane 

Type 1 

Yes 

7» 

90 

3.3 

S4 - 

Aerated 
Plus Air 
Scoop 

Baseline With 
Blockage Ring 

Yes 

Curved Vane 

Type II 

Yes 

13»> 

90 

3.3 - 

se 

Aerated 
Plus Air 
Scoop 

Baseline With 
Increased Block- 
age Ring 

Yes 

Curved Vane 

Type 11 

Yes 

78 b 

90 

3.3 

S3 

Pressure 

Atomized 

Baseline 

No 

High Flow 

Straight 

Vane 

Type III 

No 

13 

90 

3.3 

S9 

Pressure Baseline With 
Atomized Blockage Ring 

Yei 

High Flow 

Straight 

Vane 

Type III 

No 

13 

24 

3.3 


Notes: All configuration! had pilot zone hood installed to prevent fuel aspiration. 

a. Main burner fuel injectors In line with pilot burner fuel injectors. 

b. Reduced pressure drop fuel injecton 

Fuel Injector Types: 

t - Inner and outer swtrl in direction of fuel flow 

II - Inner svrirl in opposition to fuel flow and outer swirl in direction of fuel flow 

III - Inner and outer swirl co-rotational 
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TEST RESULTS 


Tlie pollutant emission data obtained during Task ! are summarized in Table XXXIV. Tire 
data are actually measured results without correction for humidity since the low humidity 
levels existing in the combustor sector rig are believed to be representative of actual humidity 
levels in the stratosphere. 

The swirl-can combustor configurations exhibited emission indices for oxides of nitrogen 
between 1 1 .3 and 1 8.1 g/kg fuel for a wide range of design features. The effects of the 
various configurational changes on emissions of nitrogen oxides at the AST cruise condi- 
tions were similar to those observed for the CTOL take-off tests, with configuration N9 
(which featured an outer flameholder swirler) again demonstrating the lowest emissions of 
nitrogen oxides. The emissions of carbon monoxide and total hydrocarbons were better 
than the goals, and consequently, the efficiency surpassed the goal. 


The staged premix combustor configurations all exhibited poor efficiency at the AST cruise 
operating condition. In addition, Configurations P7 and P8, which had very lean premix 
passage equivalence ratios, were not stable at the AST cruise fuel-air ratio. 


The swirl vorbix combustor configurations generally exhibited high combustor efficiency at 
the AST cruise condition, with two configurations achieving the goals for carbon monoxide 
and total unburned hydrocarbon emissions. Similar to the swirl-can combustor configurations, 
the swirl vorbix combustor configurations-}>roduced emission indices for oxides of nitrogen 
in the range of 13.1 to 18.3. 

The effects of reference velocity on emissions of oxides of nitrogen and combustion efficiency 
are shown in Figure 62, All configurations demonstrated a decrease in emissions of oxides 
of nitrogen that was approximately proportional to the increase in reference velocity. TTie 
reference velocity produced only small effects on the combustion efficiency for the range of 
velocities tested. Where an effect was observed, increasing the reference velocity increased 
the efficiency. 
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C. TASK 2 -AST CRUISE DESIGN 


1. DESIGN DESCRIPTION 

On tl)C basis of the Task 1 results, sw,rl-can combustor Configuration N9 and swirl-vorbix 
combustor Configuration S9 were sciected for redesign, fabrication, and testing in 'I'ask 2. 

Both of these configurations emp’oyed high dilution air mixing rates, and each produced the 
lowest emissions of oxides of nurogen within its concept group. Both configurations also 
demonstrated high combustio:i cfUcicncy at the AST cruise condition. 

Tile design modifications iijade to these configurations were directed toward reducing the 
residence time of the com.oustion products at elevated temperature through an increase in 
the combustor reference velocity, since the results of Task 1 of the AST Addendum and the 
results of Task IV of the basic program indicated that this approach was promising for fur- 
ther reducing emissions of oxides of nitrogen, 

In the swirhean combustor, the combustor reference velocity was increased by reducing the 
aft liner height. The resulting configuration, designated N1 3, is shown in Figure 63. 

In the swirl-voreix combustor, the local velocity at the main burner throat section was in- 
creased by reducing the geometric throat height and by decreasing tlie main burner liner vol- 
ume. The resulting configuration is shown in Figure 64 and was designated SIO. 

2, - TEST RESULTS 

Configurations N 13 and SIO were tested at the AST cruise condition and also at the JT9D-7 
engine id’.e and sea-level take-off conditions. (Results from these latter points arc presented 
in Chapter III.) The pollutant emission results obtained at the AST cruise condition are pre- 
sented i .i Table XXXV , and the effects of combustor reference velocity are shown in Figure 65 . 

The best results were obtained with the swirl vorbix combustor, which demonstrated an emis- 
sion index for oxides of nitrogen of 9.3 with an efficiency of 99.8 percent at the design com- 
bustor reference velocity. Increasing the combustor reference velocity 20 percent above the 
design value further reduced the emissions index for oxides of nitrogen to 8.5, 

The results for the swirl-can combustor indicated that the reduction in the combustor aft 
liner height was not effective in reducing emissions of oxides of nitrogen. In fact, small in- 
creases in the emissions of both oxides of nitrogen aiul carbon monoxide were observed. It 
is passible that the decrease in aft liner height caused an increase in liner velocity that pro- 
du<;ed pressure gradients that adversely affected the recirculation and mixing of the flow at 
thr head plate assembly. 

B ised on these results, it appears that the swirl vorbix combustor concept holds the greater 
p.'omise for further reduction in the emissions of oxides of nitrogen at the AST cruise con- 
dition. Realization of this potential would reejuire optimization of the combustor reference 
velocity as well as optimization of the fuel split between ilic pilot and main burners. Con- 
lideration would also need to be given to the requirements for acceptable pollutant emissions 
and performance at low altitude operating conditions. 
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i-Jfect of Combustor Reference Velocity on Emissions of Oxides of Nitrogen and Com- 
bustion Efficiency at AST Cruise Condition for ConfigicrHons NI3 and SIO. 
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D. TASK 3 -CONCEPTUAL DEFINITION 


1. STUDY ENGINE DEFINITION 

A duct-buming turbofan engine cycle, which had been defined under the Pratt & Whitney Air- 
craft “Advanced Supersonic Propulsion System Technology Study,” Contract NAS3-1 6948, 
was selected as the basis foUheJEaskJLconceptuaLdesign. T his engine is des ignated Study 
Turbofan STF502. 

Tlie combustor inlet conditions at sea-level take-off and supersonic cruise conditions for the 
STFS02 engine are presented in Table XXXVI. The AST cruise conditions used in the com- 
bustor segment tests are also shown for reference. As shown,the STF502 engine combustor 
inlet temperature and pressure levels are considerably higher than the AST cruise inlet condi- 
tions used in this study. 


TABLE XXXVI 

STUDY ENGINE STF502 COMBUSTOR INLET CONDITIONS 
AND COMBUSTOR RIG INLET CONDITIONS 


Study Engine STF502 



Combustor Rig 
AST Cruise 

Sea-Level Take-off 

Supersonic _ 
Cruise 


Test Conditions 

Design Condition 

Design Condition 

Inlet Temperature (K) 

839 

683 

894.3 

Inlet Pressure (atm) 

6.8 

14.0 

9.95 

Combustor Fuel-Air Ratio 

0.0227 

0.0210 

0.0230 

Inlet Airflow Rate (kg/s) 

29.15* 

151.5 

98.0 

Inlet Flow Parameter (kgy/~Kls m^ 

atm) 1817 

1625 

1740 


Notes: Flow Parameter = W^ 4 v/TJ^/A 4 Pj 4 where Wg 4 is the inlet airflow rate, 

T |4 is the inlet total temperature, A 4 is the inlet area, and Pj 4 is the inlet total pressure. 
♦Inlet airflow rate calculated on full annular combustor basis. 

AST STF502 supersonic cruise condition is Mach 2.32 at 16.154 km. 
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COMBUSTOR DESIGN 


Ttic conceimial design for tlic STF502 combustor was based ou tlic swirl-vorbix combustor 
Configuration SIO. file basic design ap]Uoach consisted of scaling the pertinent combustor 
design parameters from tiie SIO configuration to tlie STF502 geometry and flow conditions. 
However, in view of the observed trend for reduced emissions of oxides of nitrogen with in- 
creasing reference velocity, the combustor residence times in both the pilot and the main bur- 
ner zones were reduced approximately 12 percent. Although the primary design point was 
the sea-level take-off condition, care was taken to maintain design val:-es that would be ac- 
ceptable at the supersonic cruise condition. 

The resulting design is shown in Figure 66, and the dimensions and design parameter values 
are summarized in Table XXXVll, together with the corresponding values for the SIO con- 
figuration. As shown, the conceptual design for the STF502 engine combustor does not 
differ significantly from the SIO configuration with respect to the basic design parameters. 

The overall dimensions are much larger, however, because of the relatively high through flow 
and low pressure of the ST502 engine. The higher airflow and lower pressure result in a - . 
combustor length-to-height ratio that is about 20 percent lower In the STFS02 combustor 
than in the SIO configui’ation. The pilot burner for the STFS02 combustor was sized by 
scaling the fuel loading parameter, as described in Reference 17. 

Several features were added to the design on the basis of experience with the annular vorbix 
concept. To improve durability, scoops have been added to the cooling louvers in the vicinity 
of the throat, and the main swiricrs have been recessed. In addition, the main burner fuel 
nozzles have been mounted in floating conical guides to provide a positive seal between the 
shroud and the liner wdiilc allowing for nozzle and liner tolerances and for thermal growth. 

3. ESTIMATED POLLU'f ANT EMISSIONS 

Pollutant emission levels for the STF502 combustor were estimated on the basis of the mea- 
sured emissions from the Configuration SIO combustor, and the results are shown in Table 
XXXVlll. 

The emissions levels for oxides of nitrogen were scaled using the scaling technique described 
in Chapter II. Tlic-corrclation obtained using the scaling parameter described in Chapter II 
is shown in P'igurc 67 and indicates an emission index for oxides of nitrogen of 9.3. 

llie emissions of carbon monoxide and total unburned hydrocarbons were assumed to be 
equal to those measured for Configuration SIO at the AST cruise condition. Since the STF- 
502 combustor inlet temperature and pressure are higher than the test conditions at which the 
Configuration SIO data were obtained, actual carbon monoxide and total unburned hydro- 
carbon emissions from the S ri*502 combustor would be expected to be lower than the values 
quoted ill Table XXXVlll. 
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DESIGN PARAMETERS FOR STF502 COMBUSTOR CONCEPTUAL DESIGN 
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TABLE XXXVIII 


ESTIMATED STF502 COMBUSTOR EMISSION LEVELS AT SUPERSONIC 
CRUISE AT MACH 2.32 AT 16,145 KM 

Combustor Operating Conditions 

Combustor Inlet Temperature (K) 894.3 

Combustor Inlet Pressure (atm) 9.95 

Combustor Fuel-Air Ratio 0.023 

Estimated Emission Index (g/kg fuel) 

Oxides of Nitrogen 9.3 

Carbon Monoxide 4.5 

Total Unbumed Hydrocarbons 0. 1 

Combustor Efficiency (%) 99.9 


APPENDIX A 


TEST FACILITIES AND INSTRUMENTATION 
DESCRIPTION 

A.1 TEST FACILITIES 

MIDDLETOWN HIGH PRFSSURI-: l-AniTI'Y 

X-903 test stand is a general purpose, high pressure eonibuslion test I'acility designed for 
experimental development of gas turbine combustors. X-903. which is illirstrated in Figure 
A-1, is one of three high pressure combustion component stands u.sedJo evaluate such com- 
ponents as segmental primary combustors, or any other components requiring a high ea])acitj 
air and fuel supply. This stand is located in the Middletown, ('onnecticut, lest facility. 
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The combustor test rig is mounted within a cylindrical pressure tank. T ank pressurization is 
automatically controlled to within 0.34 atm. In this manner, the pressure load is supported 
by the facility pressure vessel, permitting the experimental hardware to be of relatively light 
construction, Combustor rigs up to 1 ,07 m in diameter and 2.34 m in length can be mounted 
in the facility pressure tank. A retractable tank section and a breech locking mechanism have 
been incorporated into the pressure vessel design to facilitate rig access. 


Tlie stand is supplied 1 1,34 kg/sec of air at 47.6 atm maximum from two Carrier air com- 
pressors and one Allis Chalmers booster compressor, which is located in an adjacent buUding. 
The air can be heated to 922K in a nonvitiated air heater. Tlie test centerline is equipped 
with an inlet flow valve, a flowmeter, and a discharge line backpressure valve. The exhaust 
ducting is water cooled and connected to an outside siloncer pit. 

Four individual fuel systems can each supply 0.416 m^ of fuel at up to 1,022 atm to the 
test stand. The present fuels arc Jet-A, No. 2 fuel oil. methanol, and heavy distillate, but 
these may be changed depending on the specific type of test program. Fuel storage tanks 
are as follows: two 75.71 mete? tanks, one 34.07 metcr^ tank; and one 32.28 meter^ tank. 
A portable tanker and pipeline heating equipment are used for the heavy distillate fuel. 


The stand is supplied with process water from 5.08 to 55.5 atm and steam from 2.02 to 
28.2 atm. An auxiliary air supply of 1 1.34 g/sec at 28.2 atm is available, in addition to the 
sliop and instrument air. Electric power at 12-2300 volts alternating current, or 1 2 volts 
direct current is available in Jhe stand or in the building. 


X-903 stand is connected to a data acquisition and gas sample analysis system located in a 
trailer that is permanently attached to the building. This system has a tielinc to the Sigma 8 
computer in East Hartford, Connecticut. In addition to the Automatic Data Recording (ADR) 
system, the stand back-up instrumentation is sufficient to monitor all critical rig parameters, 
plus all equipment, lire monitoring instrumentation and controls aic located in an air 
conditioned control room adjacent to the stand with an observation window. This control 
room is common with several xjther stands. 

The exhaust duct has provisions to accept either a linear or a 360 degree annular p robe r^e. 
Some of the particular characteristics of the X-903 test stand are described below: 


A ir Supply, Ducting and Valves 

• Process Air: 

- Nonvitiated 

1 1 .34 kg/s at 47.6 atm, 0.254 m header 
Preheater (nonvitiated) 922K 
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• Inlet Air Lino; 

0,203 m tliamotor i>ipo 
0.203 m control valve 

- ventral How meter 

• Kxluuist Line; . . 

1 .0 1 6 m diameter with backpressure valve, mcreasing to 

0.406 in to nmicrgroand silencer pit outside 

- Tlie test chamber exhaust has a water cooled jacket, followed by direct 
spray condition. 

• Shop Air: 

One 0.025 m and one 0.018 ni supply line, 8.49 atmg 


• Instrument Air; 

One 0.013 m supply line. 3.04 atm 

• Auxiliary Cooling Air: 

One 0.038 m line, 28.2 atm, 0.1 13 kg/s 

Instrumentation 

7 Misc. 0. 1 1 4 m Gages 
7 0.1 14 m Receiver Gages 

3 Barton Differential Pmssure Gages 

4 Pyrovanes 

1. API Temperature Indicator 

1 Brown vertical scale indicator 

2 Moore recording controller 
16 Miscellaneous air regulatois 
1 Multiplexer 
I Digital Gauge 
1 Digital Gauge 
I Digital counter, cps 
1 Digital counter, cps 
1 Pan alarm 
I Davis gas analyzer 
1 Brown Recorder 

E - 2260 Data Acquisition System/Sigma 
59 temperatures UTR 
99 pressure 
6 flows 

Rake 10 temperatures, 10 pressures, 10 emissions, traveisc control 

Exhaust Emissions Analysis Equipment 

NO. NO*., NOx, CO. CO 2 , O 2 , SAE Smoke No., THC 


3.04 - 69.07 atm 
69.1 atm 

5.08 m HiO - 3.72 atm 
0 -- 1922K 

0 ~ 1922K 

0 - 1922K 

0 - 52.06 atm 

0 - 3.04 atm 

36 pts 

0 35.04 atm 

0 _ 1644K, S6pts 

6 Channel 
4 Channel 
14 Position 
4 pts 

0 - 1367Klpt 

8 interface 
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j Fuel Supply (Fuels subject to change) 

• Fuels -- Jet “A”, #2 Fuel, tvlcthanol, Heavy Distillate 

For each of these fuels Jet “A” #2 Fuel, Methanol: 

5.68 inetcr^/hr at 2.70 atm, 0.038 m Supply Line 
2.50 metcr^/hr at 103.1 1 atm, 0,05 1 Supply Line 
0.038 m Return Line 

For Heavy Distillate Fuel: (header in stand) 

4.54 meter^/hr at 3.04 atm at pumping station 
2.50 meter^/hr at 55.46 atm, 0.018 m Supply Line 
0.018 m Return Line 
Lines Trace heated 

Water Supply 

• Process Water: 

1- 0.102 m line 5.08 atm 

2- 0.076 m lines 31 .8 m^/hr total at 55.46 atm 

All process w'ater filtered tlirough strainer and 0.069 cm filter. 

Steam Supply 

1-0.025 m, 2.20 atm space heater supply 

1-0.076 m, 1 1 .21 atm header maximum available flow 0.907 kg/s 

1-0.05 1 m, 28.23 atm header 

Ventilation System 

\ : Exhaust blower on roof, air drawn in through wall louvres. Maximum air flow 4.57 m’’/s 

- one room change per minute. 

Safety and Fire Protection Equipment 

• 1-0.102 m fire water line with fog nozzles 

• Davis fuel vapor detectors 

• North wall has blowout doors 

ALTITUDE TEST FACILITY 

X-306 test stand is a general purpose altitude facility used for stability, ignition and icing 
component testing at simulated altitude conditions to 0.102 m HgA and flight Mach 
number to 2.0. The facility is a multi-centerline installation consisting of one 0.76 m dia- 
meter duct (a), one 0.31 x 0.41 m rectangular duct (b), and two o.31 m diameter ducts 
& d) connected to a common exhaust. Inlets are cross teed together to supply ambient, 
heated, nonvitlated, heated vitiated, or refrigerated air. An external view of a typical rig in 
stallation is shown in Figure A-2. 
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All controls and instrumentation to operate the test rig and monitor their performance arc 
contained in an air conditioned control room located adjacent to the test cell. Observation 
windows arc provided between the control room and test cell to permit inspection of the 
cell interior during rig operation. Safety and fire protection equipment are provided for the 
control of hazardous operating conditions or use in the event of an emergency. Special por- 
table instrumentation is supplied as required, for exam ple. Autom atic Data Recording (ADR) 
equipment. 


Air Supplies: 




Shop Air: 

Inlet Air: 

Spencer Blower Air: 
Vacuum System: 


0.472 m^/s, 7.13 atm, 0.076 m diameter outlet 

7.26 kg/s ambient 

4.54 kg/s refrigerated to 226K 

5.19 m^/s ambient to H/E burners 

5 units rated at 5.66 m^/s 


• Inlet Duct Sizes: 0.457 m I.D. 0.305 m 

(C&D) or 0.508 in, 0.203 m,and 0.102 m parallel 
refrigerated ducts 


• Exhaust Duct 

Sizes: 0.9 1 4 m I.D., 0.762 m I.D. (A) and 

0.305 m I.D. All above tee into 
1.524 m I.D. water jacketed duct to the 
Vacuum Pumps. 

• Exhaust Valves: - - One each 0.762 m, 0.305 m a.nd 0. 152 m 

in vacuum control duct 


• Intake Valves: 


• Air Measuring 
Systems: 


One each, 0,076 m, 0.152 m and 0.406 m 
refrigeration duct and one 0.457 m 
ambient supply duct 

One each 0.508 m, 0.203 m and 0.102 m 
Venturis in refrigerated duct system 
One 0.457 m Venturi in ambient supply 
duct system 


Test Instrumentation: 


4 Brown potentiometers (covering a temperature range from 200 
to 1922 K) 

1 1 Thermocouple switches (28 point each) 

30 pressure gauges (0 to 99 atm) 
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150 “U” tubes 

7 panels of gauges and controls for refrigeration 
and vacuum unit controls 

1 fuel How digital flow indicator - P&WA FDcsign 
5 stabilized glass fuel rotometers (0 to 1905 Kg/hr 

10 Honeywell Protcciovane Temperature Indicators (256 to 1367K) 

2 Davis Gas Samplers 


Electric Power Sup ply: 


• Alternating Current 

- 120 volt. 

60 cps, 1-phase 


240 volt, 

60 cps, 3-phase 


460 volt, 

60 cps, 3-phase 

• Direct Current 

- 24 volt at 

150 amps 


Fuel Supply: 

• Hydrocarbon fuels; JP-4, JP-5, and special fuels can be supplied from 6 underground 
tanks from 7.57 to 37.85 meter^ capacities totaling forty two thousand gallons througli 
- 0.013 m pipes up to 0.189 m^ (9979 Kg/hr) at 4.06 atm. Propyl nitrate and hydro- 
gen peroxide are available from special tanks.. Oxygen and nitrogen gas are supplied 
from cylinders stored outside the test cell. 

Water Supply: 

• City Water ~ 0.757 m^, 7-13 atm, 0.951 m diameter outlet, 

Recirculated tower cooled water; 0.1 26 m^/s 
3.04 atm, 0.102 m diameter outlet. 

Steam Supply: 

• Low Pressure Steam - 43 1 Kg/hr, 3.72 atm, 41 7K, 0.038 m diameter outlet. 

Safety and Fire Prote ction Equipment 

• Safety equipment consists of a Cardox CO 2 System to flood or modulated squirt into 
chamber or rig as required from a 41 19 Kg tank supply and a hose reel supply from 
the same lank. Portable CO 2 and Ansul bottles are available as required. A.M.S.A. de- 
tector system periodically samples critical areas and triggers a visual-audio alarm in 
area. Fog sprays and foamite are piped into the chambers. 


A.2 EXHAUST GAS ANALYSIS SECTION 


A.2.1 GAS ANALYSIS INSTRUMl-NTATION 

The fixed station emission measurement system is designed to measure exhaust constituents 
of the high pressure combustor test facility. Tlic instrumentation and sample handling system 
were designed to conform to specifications in SAE ARP 1256, subsequently adopted, with 
some exceptions by the EPA as described in Reference A.S.l. Tire laboratory is self-con- 
tained and incorporates gas analysis instruments for the measurement of the following: 

• Carbon dioxide, carbon monoxide and nitric oxide arc measured with Beckman 
Model 315A Non-Dispersive Infrared (NDIR) instruments. 

• Nitrogen dioxide is measured with a_Beckman Model 255 A Non Dispersive. Ultra- 
Violet (NDUV) analyzer. 

• Total unburned hydrocarbons arc measured with a Beckman Model 402 heated 
input flame ionization detector, 

• Oxygen is measured with a Beckman Model 715 Analyzer using an imperometric 
probe. 

The combustor rig exhaust gas sample is distributed to the various instruments, with each 
instrument having its own flow metering system. The sample handling system is shown 
schematically in Figure A.2.1. The measurement ranges and accuracy characteristics of the 
individual instruments are summarized in Table A.2.1. 
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TABLli A.2.1 


GAS ANALYSIS INSTRUMENTATION 




Instrument and 

Instrument Error 

;oim>onent 

Rat'.Rc 

Detection Methcd 


THC 

0*1 ppmv 

Flame Ionization Detector 

± 5.0 


Intermediate 




ranges 


* 1.0 


0-10% 

Beckman Model 402 

± 1.0 

NO 

0-200 ppmv 

Non Dispersive Infrared 

±2,5 


0-500 ppmv 

Beckman Model 3 1 5 AL 

± 1.0 


O-IOOO ppmv 


± 1.0 

NO2 

0-200 ppmv 

Non Dispersive Ultra Violet 

± 2.0 


0-500 ppmv 

Beckman Model 22SA 

± 1.0 

CO 

0-100 ppmv 

Non Dispersive Infra Red 

±2.0 


O-IOOO 

Beckman Model 3 ISA 

+ 1.0 


0-1% 


± 1.0 


0-7% 


± 1.0 

CO2 

0-2% 

Non Dispersive Infrared 

± 1.0 


0-5% 

Beckman Model 315A 

+ 1.0 


0-18% 


± 1.0 

O2 

0-1% 

Holargraphic 

± 1.0 


0-5% 

Beckman Model 7IS 

± 1.0 


0-10% 


± 1.0 


0-25% 


± 1.0 


Individual stainless steel sample lines are used to transfer the gas sample from the fixed 
exhaust rake array or the traverse rake to the gas analysis instrumentation. A schematic of 
the gas sample transfer system is shown in Figure A.2.2. Since the individual sample lines 
are not manifolded until outside the rake body, the capability exists to provide complete 
radial and circumferential documentation of exhaust constituent variation. However, the 
bulk of tlic emissions traverse data were taken with the radial probes manifolded together, 
immediately upstream of the gas analysis instruments. The sample transfer lines were steam- 
traced to maintain sample gas temperature in excess of 423K, above the condensation 
point of water and unburned hydrocarbon species present in the sample. As shown in 
Figure A.2.2, the gas sampling rake(s) and sample transfer system were also utilized to 
measure combustor exit total pressure. This was accomplished by dead-ending the gas 
sampling lines upstream of the emissions measurement meters and individually connecting 
the lines to a pressure readout system. 

Gas composition measurements were made in accordance with the specifications of SAB 
ARP 1256 with the following additions; 

(1) In addition to measuring the constituents described in the ARP, a measurement was 
also made of oxygen in order to more meaningfully construct a total mass balance. 




PHeSSURE 



Figure A. 2. 2 Schematic of Gas Sample Transfer System 


(2) As a more meaiiingriil tost oT rcprescntiitive sample collection, average measured values 
of total carbon ((’O 2 . CO, TliC) was compared with the total carbon computed from 
the measured values of air and fuel How. The ARP requires comparison only on the basis 
of measured COs. 

(3) Tlic sampling system maintained the sample gas temperature at 423K to the flame 
ionization detector and 323K to all other gas analysis instrumentation. This is im- 
plied in the ARP. but is not clear in the equipment schematic drawing. 

In exception to ARP 1 256, the standard hydrocarbon reference gas was certified methane in 
air, traceable to the National Bureau of Standards (NBS). Because ARP 1 256 is engine-oriented, 
a traverse pattern consislant with the requirement for representative sampling at the combustor 
rig exhaust plane was stibstituted for the sampling locations specified in the ARP. 

Three systems are available for data logging and processing. The primary data system consists 
of an on-line Sigma 8 computer, providing essentially real-time data recording and analysis, 

The gas analyzer outputs are digitized and, on command, are sent via a telephone line to the 
Sigma 8 computer located in l-asl Hartford, Connecticut, where emission data reduction is 
carried out utilizing equations comparable to those specified in ARP 1256. After the data 
have been processed, they are presented visually on a iligital scope display at the test stand or 
printed, as command, in Mie computer graphics lab<uul«»ry. As a back up data system, the 
analyzer outputs are also digitized and on command recorded on paper punch tape through 
use of a Beckman data logging system with Tulle^ I 20 Punch. The paper tape is compatible 
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with an IBM 370 computer, which was available for off-line special data reduction and valida- 
tion programs. The third system consists of two Texas Instruments four pen records which 
monitor the output of the instruments and provide a continuous real time record for cither 
immediate inspection or subsequent analysis. This system is especially helpful when trouble- 
shooting problems after the test. 

A.2.2 CALIBRATION GASES 

The basic accuracy of exhaust gas concentration measurements depends on the availability of 
accurately known reference gases. The calibration, zero, and span gases used in this study are 
the result of a continuing,in-housc program to develop and maintain accurate standard gases. 

ARP 1256 specifies calibration gas certified by the vendor to an accuracy of one percent and 
span gas to a stated accuracy of ±2 percent. It has been Pratt & Whitney Aircraft s experience 
that gases, while purchased to a certified or stated accuracy, are occasionally significantly 
different due to errors in blending or inherent instability of the gas in its container. Errors 
in blending lead to a consistent bias as long as that particular calibration gas is used. Instability 
normally leads to a reduction in actual concentration levels to an unpredictable new level. 

To relieve this situation, a set of reference standards are maintained in the Pratt & Whitney 
Aircraft Standards Laboratory which are carefully, and frequently in the case of unstable 
gases, analyzed by various appropriate analytical techniques. Where practical, additional 
analyses are performed by other agencies. These reference materials are maintained as trans- 
fer standards. 

A summary of ca" ■ition gases and methods used for verification analysis is given in Table— 
A.2.II. Instruments utilized for the analyses specified in Table A.2.II arc: 


TABLE A.2.II 




CALIBRATION GASES 

Gas 

Source 

Stability in 
Range of 
Interest 

Analysis 

n/c 

NBS 

stable 

g. c., FID, mass spectrometer 

CO 

Vendor 

Unstable in low 
concentrations 

NOIR, g.c., mass spectrometer 

COj 

Vendor 

Stable 

NDIK, g.c., mass spectrometer 

NO 

Vendor 

Stable 

PUS, Salizman with oxidizer, 
mass spectrometer, NDIR, 
Chemiluminescence 

NOj 

Vendor 

Unstable 

PUS, Saltzinan, mass spectro- 
meter, NUUV, ChemiUimincscencc 

02 

NBS/Air 

Stable 

g.c. mass spectrometer, 
amperometric 


g.c. : gu ctuomatosriipli 
EIL> : Mime Ionization Dcti'ctor 
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1. Gas Chromatographs (g.c.): Hewlett Packard Research Grade 7620A with FID; Perkin 
Elmer 800 with Thermal Conductivity detector; Perkin Elmer 820 with FID and Thermal 
Conductivity detectors; Barber Coleman-cryogenic chromatO!»raph with Thermal Con- 
ductivity detector. 

2. TECO Model lOA Chemiluminescence Analyzer. 

3. Mass Spectrometer: CEC Model 21-130 

A.2.3 SMOKE MEASUREMENT 

Combustor exhaust smoke concentration was determined using a smoke measuring system 
that conforms to specifications of the Society of Automotive Engineers Aerospace Recom- 
mended Practice 1 179 and the Environmental Protection Agency, as specified in Reference 
A.2.1. The smoke measuring system (smoke meter), is a semiautomatic electro-mechanical 
device which incorporates a number of features to permit the recording of smoke data with 
precision and relative ease of operation. A view of the smoke measurement console is shown 
in Figure A.2.3. Dimensions of the filter holder and a schematic of the sampling system are 
shown in Figure A. 2.4. The filter holder has been constructed with a 2.54 cm diameter _ 
spot size, a diffusion angle 0 of 0.127 radians and a converging angle a of 0.48 radian. 




FILTER HOLDER SCHEMATIC DIAGRAM 

Figure A.Z4 Details ofSAEfL'PA Smoke Meter Construction ( 75-5325) 

The unit is designed to minimize variability resulting from operator to operator differences. 
One of these features is a time controlled, solenoid activated main sampling valve (Valve A, 

See Figure A. 2,4) having “dosed”, “sample”, and “bypass” positions. This configuration 
permits close control of the sample size over relatively short sample times. In addition, this 
timing system operates a bypass system around a positive displacement volume measurement 
meter to ensure that the meter is in the circuit only when a sample is being collected or dur- 
ing the leak check mode. Other design features include automatic temperature control tor 
the sample line and filter holder, and silicon rubber filter holders with support screens for 
ease of filter handling. 

A Photovolt Model 670 reflection meter with a type Y search unit conforming to ASA Ph 
2.17-1958 “Standard for Diffuser Reflection Density” is used to determine the reflectance 

of the clean and stained filters. 

Calibration of the reflectance meter is accomplished through the use of a set of Huntei Lab- 
oratory. NBS traceable, reflectance plaques which range in 15 steps from 3 to 96 percent. 
Clean Whatman No. 4 filter paper has a nominal reflectance value of 80 percent, which is 
within this range. The measured reflectance values are least-squares fitted, tested for linearity, 
and the gas sample weight flow per unit filter area are computed by an IBM 370 digital com- 
puter. The reported smoke number is determined from the reflectance corresponding to a 

sample rale pei unit area of 0.02jum^. 
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A.3 EMISSIONS DATA REDUCTION CALCULATION PROCEDURES 


A.3.1 1)I:THKMINATI0N 01- AVi:i<A(lR HMUSSION INDICES - RAKK IN THE MIXING 
MODE 


The total mass flow of any given constitut ’t of the combustor exhaust is 


Rj O2 


where: 


[ I 

nij^ (r,0) p (r, 0) (r, 0) r dr dO 

J J 
R| 0, 

Wx 

mass flow of x 

(r, 0) * 

mass concentration of x at (r, 0) 

p(r, 0) 

density of exhaust gas at (r, 0) 

Vj, (r, 0) - 

z component of exhaust velocity at (r, d) 


The geometry is shown in Figure A.3.1 . 


Equation (1) 
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The emissions instrumentation measures composition by volume or equivalently mole fraction 
of each constituent. The concentration by weight is obtained from the volumetric composi- 
tion as follows. 

nijj (r, (?) (r, 0) — — 

where: n ■'^ex Equation (2) 

”x 

where (r, 0) = measured mole fraction of x at (r, 0) 

n 

Mj^ = molecular weight of x 

= mean molecular weight of exhaust at 

VA 

The mean molecular weight of the exhaust gas is: 


' moles X 
^ mole exhaust 

, 0 ) 


where : 


^ex ^ Mj n 

Mj = molecular weight of the i^*' constituent. 


Equation (3) 


Unless otherwise specified, (nj/n) is assumed to be taken under wet or actual conditions. 
Measurements are made dry and corrected to wet values before used in these equations. 




M, 



INNER AND OUTER RADII OF THE BURNER ANNULUS 

ANGULAR LIMITS OF THE TOTAL BURNER SECTOR BEING MEASURED. 

RAKE AZIMUTHAL POSITION 

ANGLE INCREMENT OF THE SECTOR CENTERED ON 0j 

RADIAL POSITION OF THE MTH PROBE 

radial increment of the ELEMENTARY AREA 
CENTERED ON (rj.OjI 


rjA.,A0j 

J 

U 


CONSTANT 

NUMBER OF RADIAL INCREMENTS 
NUMBER OF AZIMUTHAL SECTORS 


When a multipoint rake is used in the mixing mode, equation (1) requires that each probe on 
the rake yield a fraction of the total sample that is proportional to the local mass flow at that 
particular probe. This requirement is satisfied by a rake that samples isokinctically. This type 
uf rake is traversed at the combustor exit plane to procure data at various azimuthal positions 
and the results combined to obtain total emission indices. The theory and procedure lor com- 
bining measurements from various rake positions is briefly described below. 
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The average mass conceiiliation oC ilic exhausl conslituent x ohlaincd witli Ihc rake at a/.imU' 
tlial position 




L 


(pv)flgAa0g 


(rj, «j) p (fj, »8) V (rj, Oj) rjArjiSj 


where 



= 

average mass flow per unit area in the fi sector 

= 

area of the 2 sector 


= 

angular position of the rake when sampling the 2 sector 

AOg 

= 

angular width of the 2 sector 

•j 

Ar' 

J 

J 

= 

radius to the probe 

= 

radial width of the area increment at rj 

- 

number of radial probe points 


The-probe points will be positioned at centers of equal area so that, 

rjArjA^g = Aa^g/J Equation (5) 

and consequently the rake measured average value is; 

^ J 

(m^)0 = nij^ (rj, 0j) p (rj, 0g) V (rj, 0g) Equation (6) 

j=l 

where 

J 

(^)0p = ^ S P (rj. Og) V (r:, 0g) Equation (7) 

'* j=l 

In order to remain consistent with equation (1), the values obtained from several a/dmuthal 
positions of the rake must be weighted by the mass fiow in each sector to procure an overall 
average for the particular combustor. That is: 



E 


fi=i 


L 


1 


(pv)o^Aao^(mx)og 


Equation (8) 


wlicrc: L ” number of azimuthal sectors 

Total pressure and temperature and static pressure measurements at the combustor exit plane 
are used to obtain the mass flow distribution data necessary to complete the averaging process. 
The mass flow in each sector is obtained using eiiuation (7) 

where: 


p(rj,0g)v(rj,Og) 


p Ps IPt C-]. 

^ BRT(rj, 0g) 


Equation (9) 


and 


Pt Oj. h) 

Ps 

T(r3,f>g) 

R 

B 


Total Pressure at (rj, 0g) 

Static Pressure in the measurement plane (independent 
of position) 

Temperature at (rj, 0g) 

Gas constant of the mixture 
CoiTection for compressibility effects 
(2 • k) M'* 

0 + 1 “ 5 


M = Mach number 

k = Ratio of specific heats 


The emission indices can be calculated from the average mass concentration as follows; 


= W, m^ 


Equation (10) 


I 


X 




where 


Wx 

Wt 

lx 

Wt 

A 


E 


Total mass flow of x 
Total mass flow of exhaust 
Mass flow of X per unit mass of fuel 
A + F 

metered air flow 
metered fuel flow 


Equation (U) 
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During portions of the experimental test program, the traverse rake was used to sample each 
point independently to allow emission concentration and flow distributions to be determined. 
In this case, llie average emission iiulcx was computed similarly to the above except tliat the , 
summations extend over each of tlic area elements. That is: 


L 



pva 



nij^ (rj, Og) p(rj, 0g) v(rj, dg) fj Arj Adg Equation (12) 


wlrere 



p (rj, Og) V (rj, Og) rj Arj A0g 


Equation (13) 


and a is the total flow area and pv is determined by equation 9. 

Again, the final emission indices can be calculated as in equation (1 1). 

A.3.2 CALCULATION OF FURL-AIR RATIO 

The fuel-air ratio can be calculated from both fuel and airflow measurements a carbon balance 
determined by the exhaust gas species concentration measurements. Following. AEl?.. 1256, 
the fuel-air ratio is computed as follows: 


Mg + a Mjii 


(F/A) = 




^air 


"C 
I n ; 


"CO / 1 a \ /“CO 

~ \T ‘*T/ \*“T 


LlOO 




Equation (14) 


where:.. 

a = hydrogen to carbon ratio in tlio fuel 


/"x 

and the values of I — 
follows; ' n 


arc obtained from the flow weighted mass concentrations nij^ as 



Equation (15) 


where Mj.j^ = mean molecular weight of the exhaust gas 
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ABPENOIX B 


COMBUSTOR HOLE PATTERNS 


rui 


U 16 


17 18 


TURBINE COOLING 

ID 7 AT 0.877d - 4.229 IN2 

OD 16 AT 0,547d - 3.760 IN2 
SIDE WALL COOLING AREA = 2.678 IN^ 


LOUVER 


1 


2 


3 


I.D. 

II 


0 

. D. 


DIA. 

# HOLES 

AREAIN2 

ll 

LOUVER 

DIA. 

# HOLES 

AREAIN2 

0.100 

128 

1.007 


11 

0.096 

155 
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Figure B-l Lmcr Hole Pattern for Swiii Can Moilular Combustor Configuration N-1 
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Figitre B-2 Liner Hale Pattern for Swirl-Can M<nlular Combmtor Configuration N-2 
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MODIFICATIONS 

• INCREASE SWIRLER FLOW (3^ VANE ANGLE) 
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Hgiirc B-3 Uiicr Hole Pattern for Swirl-Ciin Mmlnlar Coinhiisior Conlifaitation A'-i 
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MODIFICATIONS: REFERENCE CONFIGURATION N-3 

• SAME AS CONFIGURATION N-3 WITH PRESSURE ATOMIZING NOZZLES 
I.D. P/N 27700-12 
M.D. P/N 27700-11 
O.D. P/N 27700 11 


Pigurc B-4 Liner Huk Pattern for Swirl-Can Modular Combustor Configuration N-4 
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MODIFICATIONS: REFERENCE CONFIGURATION N 4 

• USE LOW/lP FUEL INJECTORS 

• REDUCE BYPASS AIR FLOW 

• OPEN SWIRLERS: 

ID - 42' VANE ANGLE 
MD - 42” VANE ANGLE 
OD - 40” VANE ANGLE 


Figure B-5 Uiicr Hole Pattern for Swirl-Can Modular Combustor Configuration N-5 
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MODIFICATIONS: RCrCRENCE CONFIGURATION N 6 


RECESS SWIRLERS 0.500 INCH UPSTREAM 
HOLD 0.100 DIM. BETWEEN FUEL INJECTOR AND SWIRLER 
ADD SCREEN TO TRAILING EDGE OF STRUTS (75.4% BLOCKAGE) 
INSTALL ACOUSTIC PROBES 
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Figure ti - 7 Liner Hole I’aitern for Swirt-('aii Modular Comhiistor Coiijiguratioii N-7 
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MODIFICATIONS: REFERENCE CONFIGURATION N 7 


• REMOVE SCREEN AND INSTALL "V" GUTTER 


Finite H-8 Liner Hole Pallcni for SwirfCmi Modular Coiuhustor Conjl^tralion N-8 



























































































UL0CKAC5C 

HINCi 




SCREEN 


TURBINE COOLING 

ID 7 AT O.B77d = 4.229 IN^ 

OD 16 AT 0.647d = 3.760 In2 

SIDE WALL COOLING AREA = 2.678 IN2 



K 


LOUVER 


1 


2 


3 


DIA. 

# HOLES 

AREAIn2 

■1 

LOUVER 

DIA. 

# HOLES 

AREAIN2 

0.100 

128 

1.007 


11 

0.096 

155 

1,125 

0.100 

66 

0.521 


12 

0.052 

149 

0.316 

0.052 

103 

0.219 


13 

0.055 

182 

0.432 

0.052 

84 

0.179 


14 

0.052 

162 

0.345 

0.052 

84 

0.179 


15 

0.052 

184 

0.391 

0.052 

90 

0.192 


16 

0.052 

184 

0.391 

0.052 

114 

0.242 


17 

0.052 

184 

0.391 

0.052 

126 

0.267 


18 

0.052 

180 

0.382 

0.052 

115 

0.244 


19 

0.052 

174 

0.370 

0.0938 

34 

0.580 


20 

0.086 

70 

0.406 


SWIRLER ACD 

ID 2.538 

MD 3.186 

OD 3.843 

AIR SWIRLERS 

ID 3.735 

MD 4.702 

OD 5.715 


SCREEN 8 MESH 
0.063 WIRE 
75.4% BLOCKAGE 


MODIFICATION: REFERENCE CONFIGURATION N 3 


• ALL BYPASS AIR WILL PASS THROUGH AIR SWIRLERS AROUND EACH CARBURETOR 

• INSTALL SCREEN (SAME AS CONFIGURATION N-7) 


Fifiuiv li-V Utter I foie l\iiferii far SwitlOiii Motlular Cattihtniitr Caitf^tiratiatt f-V 
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MODIFICATIONS REFERENCE CONFIGURATION N-7 

• INSTALL SWIRLER BLOCKAGE PLATES 
TO INCREASE CAN EQUIVALENCE RATIO 


P'igure li-lO Liner Hole Pattern for Swiri-Can Modular Combustor Configuration N-IO 
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(VIODIFICATIONS: REFERENCE CONFIGURATION N-10 

. ADD DILUTION HOLES 


Figtirc B-l i Liner dole Patlem for Swirl-Can 

Mnitiilar Onnbnslor Configuration N-U 




















































































SIDE WALL COOLING AREA = 2.678 IN^ 
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MODIFICATIONS: REFERENCE CONFIGURATION N-9 

• LENGTHEN FUEL INJECTORS 

♦ INSTALL HOLE IN FUEL-AIR SWIRLERS FOR INJECTORS 
. USE PRESSURE ATOMIZING NOZZLES 


Figure B-12 IJner Hole Patten for Swirl-Can Modular Combustor Configuration N-12 (Relight Configuration) 
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MODIHICATION: HEFUHENCE CONFIGURATION N-9 
• RFDUCC LINER HEIGHT 
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Figure B14 Liner Hole Pattern for Staged Premix Combustion Configitration P-1 
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MAIN FLAMEHOLDER 
FINWALL ® COOLING 2.6% W^g 


94 AT 0.315= 7.326 
112 AT 0.411 = 14.859 

14 AT 0.090- 5.756 

1 5 AT 0.509 ■ 3.814 
10 AT 0.787 = 4.866 

250 AT 0.100- 1.964 
75 AT 0.060 “ 0.212 
1120 AT 0.042 “ 1.552 
680 AT 0.055 1.378 


MODIFICATIONS 

• INCREASED MAIN PREMIX PASSAGE 
FLOW 

• REDUCED AND RELOCATED 
ID DILUTION FLOW 

• INCREASED PILOT FLAMEHOLDER 
WEEP FLOW 


• INCREASED PILOT AND MAIN 
FLAMEHOLDER HOLES 
TOWARD WEEP HOLES 


Nsurc B-I5 l.incr Hole Pattern for Slaved Premix Combmtor Confl^iralion P-2 








TURBINt 



I 


O 0 

LOUVER 

DIA 

SHOLfcS 

> 

X 

m 

> 


LOUVEH 

01A 

#HULES 

ARF AlN^ 

1 

0 0/B1 

78 

0.373 


1 1 

0 055 

164 

0.389 

2 

OObS 

118 

0.280 


12 

u 0625 

152 

0.466 

3 

oob:> 

96 

0 204 


13 

0 0525 

145 

0.444 

4 

0 Ob2 

104 

0 221 


H 

0 05-. 

IG3 

0.346 

‘j 

0 052 

92 

0 195 


15 

0 052 

162 

0.344 

(i 

UOb2 

y.y 

0 172 


16 

0 093 

123 

0 835 

1 

0 052 

123 

0.261 


1 7 

0 086 

n 

0 412 

u 

0 052 

132 

0 259 






9 

0 U(>2b 

121 

0.371 






10 

0 1 10 

61 

0 579 







PILOT FLAMEHOLDEH 

94 AT 0.315 

7 326 

MODIFICATIONS REFERENCF. 

MAIN FLAMEHOLOCR 

112 AT 0.41 1 

14.859 

CONFIGURATION P 2 

ID DILUTION HOLES (ROW 21 

14 AT 0.699 

5 766 


OD DILUTION HOLES (ROW 121 

10 AT 0.616 

2.983 

• eliminate ID DILUT ION AIR (ROW 5) 

PILOT FLAMEHOLDER WEEP AREA 

250 AT 0 100 

1 964 


MAIN FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDEH TRANSPIRATION COOLING 

75 AT O.OGO 

0 212 

• REDUCE OD DILUTION AIR 

BULKHEAD TRANSPIRATION COOLING 

1120 AT 0 042 

1 .552 

• FLi;D BULKHEAD COOLING AND OD 

MAIN FH (FUEL) TRANSPIRATION COOLING 
PILOT NOZZLE (PN 27700111 
MAIN NOZZLE (PN 27700 13) 

FINWALL”^ COOLING 2 6”-. W^y 

580 AT 0 055 

1 378 

FINWALL PANEL WITH 0 5x0.5 IN 
SLOTS ON TIP OF PILOT PASSAGE 

• EXTEND Dll FUSER RAMr*S BY 1 000 
INCH 


Figure Ii-16 Liner Hole Pattern for Staged Premix Comhustor Configuration P-3 
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1 1 1 


1 

• 

1 - 


_| 1 1 

1 ' 6“ ' 

24° 

' 6° 

6° ’ 

24“ 

' G° ’ ' 


«lOW 3 



TURBINE COOLING 

10 7 AT 0.827d - 4.229 1 n2 

00 IS AT 0.547d - 3.760 IN2 
SIDE WALL COOLING AREA = 3.534 IN2 


SAME location^ 
AS P-2 


'•D- J 

- 

O. 

D. 


LOUVER 

OIA. 

#HOLES 

AREAIN2 


LOUVER 

OIA. 

#HOLES 

AREAIN2 

\ 

0.0781 

59 

0.280 


11 

0.055 

123 

0.292 

2 

0.055 

89 

0.210 


12 

0.0625 

114 

0.350 

3 

0.062 

96 

0.204 


13 

0.0625 

109 

0.333 

4 

0.052 

104 

0.221 


14 

0.052 

122 

0.260 

5 

0.052 

92 

0.195 


15 

0.052 

123 

0.258 

6 

0.062 

81 

0.172 


16 

0.093 

123 

0.835 

7 

0.052 

92 

0.196 


17 

0.086 

71 

0412 

8 

0.052 

122 

0.259 






9 

0.0626 

121 

0.371 






10 

0.110 

61 

0.579 







PRIMARY FLAMEROLDER 
MAIN FLAMEHOLDER 
ID DILUTION HOLES (ROW 2) 

ID DILUTION HOLES (ROW 3) 

OD DILUTION HOLES (ROW 12| 

PILOT FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDER TRANSPIRATION COOLING 

BULKHEAD TRANSPIRATION COOLING 

main FLAMEHOLDER (FUEL) TRANSPIRATION COOLING 

PILOT NOZZLE (PN 27700-11) 

MIAN NOZZLE (PN 27700-13) 

FlNWAl.L* COOLING 2.6% WftB 

MODIFICATIONS 


94 AT 0.315 = 7.326 
112 AT 0.434 = 16.573 
10 AT 0.699 - 3.837 
7 AT 0.528 “ 1 .535 
10 AT 0.616= 2.983 
250 AT 0.100 -- 1.964 

76 AT 0 060 - 0.212 
1 120 AT 0.042 = 1 .662 
580 AT 0.056 ” 1.378 
276 AT 0.042 “ 0.381 


• MODIFY DILUTION HOLE PATTERN ON ID 

• increase MAIN F LAMEHOLDER HOLES 

• TRANSPIRATION COOL MAIN FLAMEHOLDER (AROUND F.H. HOLES) 

• reduce liner COOLING IN ROWS 1,2,7,11,12.13,14,15 


Figure B-1 7 Liner Hole Pattern for Staged Premix Combustion Conjignration P-4 
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[ rurnflrf-r 


Howa[— ^ 

J 



TUaaiNE COQUING 
|D7AT0.827d 4.223 IN^ 

OD 16 AT O.B47d “ 3.760 IN^ 

SIDE WALL COOLING AREA “ 3.b34 IN^ 


SAME location 
AS P 2 


'uriH- 


11 12 13 


■•O- 1 

“ 

O. 

D- 


LOUVER 

D1A. 

# HOLES 

AREAIN? 


LOUVER 

D1A. 

#HOLES 

AREAIN^ 

1 

0,0781 

59 

0.280 


11 

0,056 

123 

0.292 

2 

O.OBB 

89 

0.210 


12 

0.0625 

114 

0.350 

3 

0.052 

96 

0.204 


13 

0 0625 

109 

0.333 

4 

0.052 

104 

0.221 


14 

0.052 

122 

0.260 

B 

0.052 

92 

0,135 


15 

0.052 

123 

0.258 

6 

0.052 

81 

0.172 


16 

0.093 

123 

0.835 

7 

0.052 

92 

0.196 


17 

0.086 

71 

0.412 

8 

0.052 

122 

0.259 






9 

0.0625 

121 

0.371 






10 

0.110 

61 

0.579 










PILOT FLAMEHOLDER 
MAIN FLAMEHOLDER 
ID DILUTION HOLES (BOW 2) 

ID Dilution holes irow a 

OD dilution holes (ROW 121 

pilot FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDER TRANSPIRATION COOLING 

BULKHEAD TRANSPIRATION COOLING 

MAIN FH (FUELl TRANSPIRATION COOLING 

pilot nozzle (PN 27700-111 

MAIN NOZZLE (PN 27700 131 

FINWALL* COOLING (2.6% Wy^ijl 


94 AT 0.316 7.326 

1 12 AT 0 434 16.573 

10 AT 0.699 3.837 

7 AT 0.52B 1.635 

10AT0.G1G“ 2.083 
260 AT 0.100 1.964 

7b AT 0.060 ‘ 0.212 

1120 AT 0.042 1.552 

bSOATO.Obb" 1.378 
275 AT 0.042 0.38: 


MODIFICATIONS: REFERENCE CONFIGURATION P 4 

♦ STAGE MAIN FUEL SYSTEM 


O O 


O « 


O 


STRUT 


nURNER 


STRUT 

<L 


O 


/'ifiiirc B-18 l.iinr Hole Patient for Preoiix Coothtislor Con fi^ura lion P-3 





TURBINE COOLING 

ID 7 AT 0.827d - 4.229 IN2 

OD 16 AT 0.647d - 3.760 IN2 
SIDE WALL COOLING AREA = 3.534 IN^ 


Hi 


HiMig 


TURBINE 

COOLING 


I LOUVER 


1 


2 


3 


DIA. 

#HOLES 

AREAIN2 

0.0781 

59 

0.280 

0.055 

89 

0.210 

0.052 

96 

0.204 

0.052 

104 

0.221 

0.052 

92 

0.195 

0.052 

81 

0.172 

0.052 

92 

0.196 

0.052 

122 

0.259 

0.0625 

121 

0.371 

0.110 

61 

0.579 


LOUVER 

DIA. 

#holes|areain2 

11 

0.055 

123 


12 

0.0625 

114 


13 

0.0625 

109 


14 

0.052 

122 


15 

0.052 

123 


16 

0.093 

123 


17 

0.086 

71 



PILOT FLAMEHOLDER 

MAIN FLAMEHOLDER 

PILOT FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDER WEEP AREA 

MAIN FLAMEHOLDER TRANSPIRATION COOLING 

BULKHEAD TRANSPIRATION COOLING 

PILOT NOZZLE (PN 27700-1 11 

MAIN NOZZLE (PN 27700-13) 

FINWALL* COOLING 2.6% Wab 


94 AT 0.315= 7.326 
112 AT 0.434 = 16-573 
250 AT 0.100 = 1.964 
75 AT 0.060= 0.212 
1120 AT 0.042 = 1.562 
680 AT 0.055 - 1 .378 


MODIFICATIONS: REFERENCE CONFIGURATION P-5 
•BLOCK ALL DILUTION AIR OD AND ID 


Figure B-l 9 Uiier Hole Fatlcrn for Stages hvmix Combustor Omfiguralion M 





















































TURUINE 



1 I.D. 


O.D. 


LOUVER 

DIA. 

#H0LES 

AREAIn2 


LOUVER 

DIA. 

#HOLES 

AREAIN? 

1 

0.0781 

59 

0.280 


11 

0.055 

123 

0.292 

2 

0.055 

89 

0.210 


12 

0.0625 

114 

0.350 

3 

0.052 

96 

0.204 


13 

0.0625 

109 

0.333 

4 

0.052 

104 

0.221 


14 

0.052 

122 

0.260 

5 

0.052 

92 

0.195 


15 

0.052 

123 

0.258 

6 

0.052 

81 

0.172 


16 

0.093 

123 

0.835 

7 

0.052 

92 

0.196 


17 

0.086 

71 

0.412 

8 

0.052 

122 

0.250 






9 

0.0625 

121 

0.371 






10 

0.110 

61 

0.579 

_ 






PILOT FLAMEHOLDER (SLOTS) 

MAIN FLAMEHOLDER (SLOTS) 

PILOT FLAMEHOLDER TRANSPIRATION 
MAIN FLAMEHOLDER TRANSPIRATION 
PILOT FLAMEHOLDER WEEP AREA 
MAIN FLAMEHOLDER WEEP AREA 
MAIN TRANSPIRATION COOLING 
BULKHEAD TRANSPIRATION COOLING 
PILOT NOZZLE (PN 27700-1 II 
MAIN NOZZLE (PN 27700-13) 

FINWAI.L'* COOLING 2.6% Wab 


MODIFICATIONS; REFERENCE CONFIGURATION P-6 
•INSTALL SLOTTED FLAMEHOLDER 


40 

AT 

1.1 X .222 - 

9.345 

20 

AT 

1.75 X 

,603 - 

19.544 

136 

AT 

0.042 -- 

0.188 


119 

AT 

0.042 = 

0,165 


172 

AT 

0.100 = 

1.351 


34 

AT 

0.100- 

0.267 


1120 

AT 

0.042 = 

1.552 


680 

AT 

0.055 = 

1.378 



l-'isurc Ii-20 l.iiH't Ihk Pattern forSlaftcil PrcniLx Conihiisfor C<'>ilijnmtion P-7 
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,.p. 


O.D. 


LOUVER 

DIA. 

#HOLES 

AREAIN2 


LOUVER 

DIA. 

#HOLES 

AREAIN^ 

1 

0.0781 

59 

0.280 


11 

0.055 

123 

0.292 

2 

0.055 

89 

0.210 


12 

0.0625 

114 

0.350 

3 

0.052 

96 

0.204 


13 

0.0625 

109 

0.333 

4 

0.052 

104 

0.221 


14 

0.052 

122 

0.260 

6 

0.052 

92 

0.195 


15 

0.052 

123 

0.258 

6 

0.052 

81 

0.172 


16 

0.093 

123 

0.835 

7 

0.052 

92 

0.196 


17 

0.086 

71 

0.412 

8 

0.052 

122 

0.259 






9 

0.0625 

121 

0.371 






10 

0.110 

61 

0.579 








PILOT FLAMEHOLDER (SLOTSI « 

40 AT 1.1 X 0.222 


9.345 

■* 

MAIN FLAMEHOLDER (SLOTS) 

20 AT 1.75 X .603 

= 

19.544 


PILOT FLAMEHOLDER TRANSPIRATION 

136 AT 0.042 


0.188 


MAIN FLAMEHOLDER TRANSPIRATION 

119 AT 0.042 

* 

0.165 


PILOT FLAMEHOLDER WEEP AREA 

172 AT 0.100 


1.351 


MAIN FLAMEHOLDER WEEP AREA 

34 AT 0.100 

= 

0.267 


MAIN TRANSPIRATION COOLING 

1120 AT 0.042 


1 552 


BULKHEAD TRANSPIRATION COOLING 

580 AT 0.055 

= 

1.378 


PILOT NOZZLE (PN ?7700 111 
MAIN NOZZLE (PN i!/7O0-12J 
FINWALL* COOLING 2.6 %Wab 


MODIFICATIONS; REFERENCE CONFIGURATI ON P-6 
• DOUBLE NUMBER OF MAIN FUEL INJECTORS 




Figure H-2 1 Liner thie I’altem for Stuged hvnux Coinhuxtor Conlh^tration I’-S 
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TUnDINU 

COOLING 


TURBINE COOLING 

ID 7 AT 0,827d = 4.229 IN^ 

OD 16 AT 0.647d = 3.760 IN^ 

SIDEWALL COOLING AREA ■= 3.534 IN^ 


11 12 13 


TURBINE 

COOLING 


LOUVER 


1 


2 


3 


LOUVER 

CIA. 

#HOLES 

11 

0.055 

123 

12 

0.0625 

114 

13 

0.0625 

109 

14 

0.052 

122 

15 

0.052 

123 

16 

0.093 

123 

17 

0.086 

71 


PILOT FLAMEHOLDER (SLOTS) 

MAIN FLAMEHOLDER (SLOTS) 

PILOT FLAMEHOLDER TRANSPIRAflON 
MAIN FLAMEHOLDER TRANSPIRATION 
ID DILUTION HOLES (ROW 4) 

PILOT FLAMEHOLDER WEEP AREA 
main FLAMEHOLDER WEEP AREA 
MAIN TRANSPIRATION COOLING 
BULKHEAD TRANSPIRATION COOLING 
PILOT NOZZLE (PN 27700-11) 

MAIN NOZZLE (PN 27700-12) 

FINWALL*^ COOLING 2.6% Wab 


40 AT 1.1 X 0.222 = 3.345 
20 AT 1.75 X 0.603 - 19.544 
136 AT 0.042 =0.188 
110 AT 0.042 = 0.165 
15 AT 0,569d » 3.814 
172 AT 0.100 = 1.351 
34 AT 0.100 = 0.267 
1120 AT 0.042 - 1.552 
580 AT 0.055 = 1 .378 


MODIFICATIONS: REFERENCE CONFIGURATION P-6 

• DOUBLE NUMBER OF MAIN FUEL INJECTORS 
•ADO DILUTION HOLES 

F/vwrr B-22 l.im r Ihilr Patn-n\ fur Sta:^ctl IWmix Cniiihmhir Conf^mitioit M 







































































I 


I 



TURBINE COQUNG 

10 7 AT 0.877d “ 4.229 IN^ 

00 16 AT 0.547d ■- 3.760 In2 



SIOEWALU COOLING AREA “ 3.076 IN^ 
FI NWALL® COOLING 5.33% Wab 


1 

- 


0. 

3. 


LOUVER 

DIA. 

# HOLES 

AREA IN2 


LOUVER 

DIA. 

# HOLES 

AREAIN2 

1 

0.0985 

97 

0.739 


13 

0.0935 

99 

0.679 

2 

0.067 

106 

0.373 


14 

0.070 

131 

0.504 

3 

0.0935 

74 

0.508 


- 

0.055 

142 

0.337 

4 

0.063b 

102 

0.323 


16 

0.055 

128 

0.304 

5 

0.0595 

108 

0.300 


17 

0.052 

104 

0.218 

6 

0.052 

76 

0.161 


18 

0.0635 

133 

0.421 

7 

0.0595 

84 

0.233 


19 

0.0635 

130 

0.411 

8 

0.052 

64 

0.134 


20 

0.073 

113 

0.473 

9 

0.0595 

116 

0.322 


21 

0.113 

102 

1.023 

10 

0.052 

139 

0.295 


22 

0.073 

100 

0.443 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.588 

- 






IN 


2 


PILOT SWIRLER 
PILOT SWIRLER COOLING 
MAIN SWIRLER 
PILOT DILUTION UDI 
PILOT DILUTION (00) 

MAIN DILUTION (ID) (SLOTS) 
DILUTION (OD) (SLOTS) 
BULKHEAD COOLING 


7 AT 0.638 = 4.466 (ACD) 

224 AT 0.065 = 0.632 
28 AT 0.316 = 8.840 (ACD) 

7 AT 0.248 = 0.338 
5 6 AT 0.278 = 0.303 

7 AT 1 .59 X 0.46 = 4.802 
7 AT 1.61 X 0.47 = 4.965 
20 AT 0.1 1 1 558 AT 0.040 


ID SWIRLER 
COOLING 


OD SWIRLER 
COOLING 

0.895 


1 43 AT 0.161 = 0.880 
42 AT 0.081 =0.215 
70 A I 0.067 • 0.246 

! 43 AT 0.191 » 1.232 
42 AT 0.106 = 0.373 
70 AT 0.087 = 0.412 


PILOT NOZZLE AIR BLAST (PN 33420) ACD = 0,096 IN^ PER NOZZLE 
MAIN NOZZLE PT6 (PN 27700-11) 


Figjire H-7.3 Liner Hole Pattern for Swirl Vorhix Combustor Confifniratlon .S'- / 
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MODIFjCAJipJJS. 

• ADD ID AND OD HOOD TO F INWALL* PANELS 

• nEDUCE DILUTION AIRFLOW INCREASE BURNERS vP 



1 10 Z1 

II 


0 . 



louver 

DIA. 

# HOLES 

AREAIN2 

1 

LOUVER 

DIA. 

# HOLES 

AREA1N2 

1 

0.0985 

97 

0.739 


13 

0.0936 

99 

0.679 

2 

0.067 

106 

0 . 373 . 


14 

0.070 

131 

0.504 

3 

0.0936 

74 

0.608 


15 

0.056 

142 

0.337 

4 

0.0635 

102 

0.323 


16 

0.056 

128 

0.304 

5 

0.0595 

108 

0.300 


17 

0.052 

104 

0.216 

6 

0.052 

76 

0.161 


18 

0.0635 

133 

0.421 

7 

0.0595 

84 

0.233 


19 

0.0635 

130 

0.411 

8 

0.052 

64 

0.134 


20 

0.073 

113 


9 

0.0595 

116 

0.322 


21 

0.113 

102 


10 

0.052 

139 

0.296 


22 

0.073 

106 


11 

0.086 

89 

0.517 






12 

0.098 

78 

0.688 

_ 




] 1 


IN 


2 


PILOT SWIRLER 
pilot SWIHLEH COOLING 
MAIN SWIRLER 
PILOT DILUTION (IDI 
PILOT DILUTION lODI 
MAIN DILUTION ROl 
DILUTION (00) 
BULKHEAD COOLING 


7 AT 0.638 
224 AT 0.056 
28 AT 0.316 
7 AT 0,248 
5 AT 0.278 
7 AT 0,459 
7 AT 0.459 
20 AT 0.111 


> 4.466 (ACD) 

= 0.632 
° 8.840 (ACD) 

" 0.338 
- 0.303 
= 1.166 
= 1.166 

556 AT 0.040 " 0.B9S 


ID SWIRLER 
COOLING 


OD SWIRLER 
coot ING 


( 43 AT 0.161 ' 0.880 
42 AT 0.081 ' 0.215 
70 AT 0.067 - 0.246 

(43 AT 0.191 ' 1.232 
P 42 AT 0.106 » 0.373 
{ 70 AT 0.087 - 0.412 


PILOT NOZZLE AIR BLAST (PN 33420) ACD 0 096 IN^ PER NOZZLE 
main nozzle PT6 (PN 2770D11) 


Figure B-2^ Mole Liner Pattern fora Swirl Vorhix Combustor Configuration S-2 


























































































[ 



1 _ 1.0. ' 


^ 1 

LOUVER 

DIA. 

#HOLES 

AREAIN2 

LOUVER 

DIA. 

# HOLES 

AREA IN2 

1 

0.0985 


0.739 


13 

0.0935 

99 

0.679 

2 

0.067 

106 

0.373 


14 

0.070 

131 

0.504 

3 

0.0935 

74 

0.508 


15 

0.055 

142 

0.337 

4 

0.0635 

102 

0.323 


16 

0.055 

128 

0.304 

6 

0.0595 

108 

0.300 


17 

0.052 

104 

0.218 

6 

0.052 

76 

0.161 


18 

0.0635 

133 

0.421 

7 

0.0595 

84 

0.233 


19 

0.0635 

130 

0.411 

8 

0.052 

64 

0.134 


20 

0.073 

113 

0.473 

9 

0.0595 

116 

0.322 


21 

0.113 

102 

1.023 

10 

0.052 

139 

0.295 


22 

0.073 

106 

0.443 

11 

0.088 

89 

0.517 






12 

0.098 

76 

0.588 








IN 


2 


PILOT SWIflLeH 
PILOT SWIRLER COOLING 
MAIN SWIRLER 
PILOT DILLITION (ID) 
PILOT DILLITION (OD» 
MAIN DILUTION 
IIDI (SLOTS) 
DILUTION lODI (SLOTS) 
BULKHEAD COOLING 


7 AT 0.520 
224 AT 0.05S 
26 AT 0.316 
7 AT 0.248 
6 AT 0.278 


• 3.641 (ACpI 
>=0.532 

- 8.840 (ACqI 
> 0.338 

- 0.303 


6 AT 0.496 "1.168 

6 AT 0.498 - 1.158 

20 AT 0.1 1 1 558 AT 0.040 • 0.895 


ID SWIRLER 
COOLING 


1 43 AT 0.161 
42 AT 0.061 
70 AT 0.067 


- ^=i''3AT0.191 

OD SWIRLER J ^2 q 

COOLING 1 70 AT 0.087 


- 0.880 

• 0.215 
•0.246 

• 1.232 
- 0.373 

• 0.412 


PILOT NOZZLE AIR BLAST (PN 33420) ACD - 0.096 IN^ PER NOZZLE 
MAIN NOZZLE PT6 (PN 27700-1 II 


Figure B-25 Liner Hole Pattern for Swirl Vorbix Combustor Configuration S'3 
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I 


PINWAUU 

HOOP 






'W'- 

^ .s 


■sy 


u 


TUHBIN£ COOLING 

ID 7 AT 0.877d “ <1.229 IN^ 

OD 16 AT 0.647d - 3.760 IN^ 

SIDE WALL COO' ‘NG AREA " 3.076 IN^ 
FINWALL*COOLIN-3 “ B.33% Wab 



ID OIL HOLES EO.SP. 
INLINE WITH PILOT 
MOD. 

(12° SPACING) 


ID DIL holes EQ.SP. 
BETWEEN PILOT 
MOD. 

(12“SPACINGI 


1 _ 


1 

LOUVER 

OtA. 

#HOLES 

AREAIN2 


LOUVER 

DIA. 

# HOLES 

AREAIN^ 

1 

0.0786 

97 

0.469 


13 

0.0936 

99 

0.679 

2 

0.067 

106 

0.373 


14 

0.070 

131 

0.604 

3 

0.0936 

37 

0.254 


15 

0.065 

106 

0.252 

4 

0 0635 

76 

0.241 


16 

0.055 

96 

0.228 

5 

0.0695 

81 

0.226 


17 

0.052 

104 

0.218 

6 

0.052 

76 

0.161 


18 

0.0635 

100 

0.317 

7 

0.0596 

84 

0.233 


19 

0.0635 

97 

0.309 

8 

0.062 

64 

0.134 


20 

0.073 

86 

0.350 

9 

0.0596 

87 

0.242 


21 

0.113 

76 

0.762 

10 

0.052 

139 

0.296 


22 

0.073 

106 

0.443 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.588 







PILOT SWIHLER 
PILOT SWIRLER COOLING 
MAIN SWIRLER 
PILOT DILUTION (ID) 
PILOT DILUTION (001 
MAIN DILUTION HD) 
DILUTION (OD) 
BULKHEAD COOLING 
ID SWIRLER COOLING 


IN.‘ 

7 AT 0.B20 -3.641 

224 AT 0.056d. -0.632 

28 AT 0.316 -8.840 (ACq) 

7 AT 0.248d. ”0.338 

5 AT 0.278d. «0.303 

6 AT 0.71 2d. -2.389 

6 AT 0.71 2d. -2.389 

20 AT 0.1 1 1d. -f 668 AT 0.040 - 0.896 


OD SWIRLER COOLING 


13AT0.161d. =0.265 

64 AT 0.08 Id. -0.278 
42AT0.067d. -0.148 

13 AT 0.191d. =0.372 

64 AT 0.106d. -0.476 

42 AT 0.087d <0.260 

PILOT N022LE AIR BLAST IPN 33420) ACO = 0.096 IN* PER NOZZLE 
MAIN NOZZLE IPN 32301 8) 113 LOCATIONS) 

MODIFICATIONS: REFERENCE CONFIGU RIATION S 3 



MAIN INJECTOR 
MAIN SWIRLER 
ORIENTATION 


• RELOCATE MAIN SWIRLEPS (USE CURVED VANE SWIRLERS FROM FT4) 

• MODIFY MNWALL • HOOD ATTACHMENT SCHEME 

• add 1 COM8. HOLES IN LOUVER 6 (1.374 IN*) 0.500 DIAMETER 

• INCREASE ID AND OD DILUTION AIR HOLE DIAMETER TO (0.7121 

• INSTALL SCOOP TO FEED AERATING NOZZLE 

• REDUCE LINER COOLING 

• MODIFY DIFFUSER TO UNIFORMLY FEED FRONT END 


Fi^tre B-26 Liner Hole Pattern for Swirl Vorhi.x Comhustor CoufigtiTaiion S-4 
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4 6 6 




DIL. HOLES SAME 
ASS-4 


TURBINE COOLING 

ID 7 AT OX?7d ■ 4.22S IN^ 

OD 16 AT 0.647(1 • 3.760 IN 2 , 

SIDE WALL COOLING AREA > 3.076 IN^ 
FINWALL** COOLING • 5.33% Was. 



1 . 1 


00. 

LOUVER 

OIA. 

# HOLES 

AREAIN2 


LOUVER 

DIA. 

♦ holes 

AREAIN2 

1 

0.0786 

97 

0.469 


13 

0.0935 

99 

0.679 

3 

0.067 

106 

0.373 


14 

0.070 

131 

0604 

3 

0.0935 

37 

0.264 


15 

0.065 

106 

0.252 

4 

0.0635 

76 

0.241 


16 

0.055 

96 

0.228 

5 

0.0595 

81 

0.22S 


17 

0.062 

104 

0.218 

6 

0.052 

76 

0161 


18 

0.0635 

100 

0.317 

7 

0.0585 

34 

0.233 


19 

0.063S 

97 

0.309 

8 

0.062 

64 

0.134 


20 

0 073 

86 

0356 

9 

0.0696 

67 

0.242 


21 

0.113 

76 

0.762 

to 

0.052 

139 

0.296 


22 

0.073 

106 

0.443 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.588 







pilot SWIRLER 

7 AT 0.520 

IN.* 

•3.641' 

PILOT SWIRLER COOLING 

224 AT 0.065(1. 

•0.632 

MAIN SWIRLERS 

28 AT 0316 

•8.840 (ACDI 

pilot DILUTION IIDI 

7 AT 0.2460. 

•0.338 

PILOT DILUTION (00) 

6 AT 0.2780. 

•0.303 

MAIN DILUTION (ID) 

SAT 0.7120. 

•2.389 

DILUTION (00) 

SAT 0.7120. 

•2,389 

bulkhead cooling 

20 AT 0.11 10.t668 AT 0.040 • 

ID SWIRLER COOLING 

13 AT 0.1610. 

>0.2681 


54 AT 0.0810. 

•0.278 


42 AT 0.0670. 

•0.148 

OD SWIRLER COOLING 

13 AT 0.1910, 

•0.372 


64 AT 0.1060. 

•0,476 


42 AT 0.0670. 

■0.260 


1.374 IN* (ROW 61 


PILOT NOZZLE AIR BLAST (PN 334201 ACO - 0.096 IN* PER NOZZLE 
MAIN NOZZLE IPN 32301 -SI (7 LOCATIONS) 


MODIFICATIONS: REFERENCE CONFIGURATION $-4 
• USE 7 MAIN INJECTORS INLINE WITH PILOT INJECTORS 


J’lgure B*27 Liner Hole Pattern for Swirl Vorbix Combustor Configuration S-5 



FINWAUL'* 

HOOD 




01 U, HOLES 
SAME AS S-4 




14 


TURBINE COOLING 

ID : AT 0.87 7d • 4.229 IN? 

00 16 AT 0.647d - 3.760 IN? 

SIDE WALL COOLING AREA = 3.076 IN? 
RlNWALL*COOUNG ^ 5.33% Wab 


17 I 

16 ! 


15 


13 

ri ! 

ij-j 


1 '-p- 


O.D. 

LOUVER 

DIA. 

# HOLES 

AREA IN? 


LOUVER 

DIA. 

# HOLES 

AREA IN? 

1 

0.0785 

97 

0.469 


13 

0.0935 

99 

0.679 

2 

0.067 

106 

0.373 


14 

0.070 

131 

0.504 

3 

0.0935 

37 

0.254 


15 

0.055 

106 

0.252 

4 

L.0635 

76 

0.241 


16 

0.055 

96 

0.228 

6 

0.0595 

81 

0.225 


17 

0.052 

104 

0.218 

6 

0.052 

76 

0.161 


18 

0.0635 

100 

0.317 

7 

0.0595 

84 

0.233 


19 

0.0635 

97 

0.309 

8 

0.052 

64 

0.134 


20 

0.073 

85 

0.356 

9 

0,0595 

87 

0.242 


21 

0.113 

76 

0.762 

10 

0,052 

139 

0.295 


22 

0.073 

ior> 

0.443 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.588 







PILOT SWIRLER 
PILOT SWlRLEft COOLING 
MAIN SWIRLER 
PILOT DILUTION <ID) 
PILOT DILUTION <OD) 
MAIN DILUTION (ID) 
DILUTION 100) 
BULKHEAD COOLING 
ID SWIRLER COOLING 
00 SWIRLERCOOLING 


7 AT 0.234 =1.638 

2<«4 AT O.OSSd. =0.632 
2C AT 0.316 “8.840 

7 AT 0.248d. =0.338 

5 AT 0.278d. =0.303 

6AT0.721d. =2.389 

G AT 0.71 2d. =2.389 


IN* (ACD) 

(ACD) 

7 AT 0.500 = 1.374 (ROW 5) 


20 AT 0.111d.+553 AT 0.040d = 0,895 

13 AT O.ieid., 54 AT O.OSId.. 42 AT 0.067d. - 0.591 

13 AT 0.191d., 54 AT 006d., 42 AT 0.087d. = 1.098 


PILOT NOZZLE AIM BLAST (PN 334701 ACD 0.096 IN* PER NOZZLE 


MAIN NOZZLE PT6 (PN 32301-81 (7 LOCATIONS) 


MODIFICATIONS'. REFERENCE CONFIGURATION S 5 
• INSTALLED PILOT SWIRLER BLOCKAGE RING 

Figure li-28 Liner Hole Pal tern for Swirl Vorhi.x Coinhustor Configuration Sti 
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FINWALl.® 



i '-D- 

— 

0- 

D. 


LOUVER 

DIA. 

# HOLES 

AREAIN2 


LOU\ER 

DIA. 

#HOLES 

AREAIN2 

1 

0.0786 

97 

0.469 


13 

0.0935 

99 

0.679 

2 

0.067 

106 

0.373 


14 

0.070 

131 

0.804 

3 

0.0938 

37 

0.254 


18 

0.055 

106 

0.252 

4 

0.0638 

76 

0.241 


16 

0.085 

96 

0.228 

6 

0.Q59S 

81 

0.225 


17 

0,062 

104 

0.218 

6 

0.052 

76 

0.161 


18 

0.0635 

100 

0.317 

7 

0.059B 

84 

0.233 


19 

0.0635 

97 

0.309 

8 

O.OB2 

64 

0.134 


20 

0.073 

85 

0.386 

9 

0.0698 

87 

0.242 


21 

0.113 

76 

0.762 

10 

0.052 

139 

0.298 


22 

0.073 

106 

0.443 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.888 







PILOT SWIRUER 
PILOT SWIRLER COOLING 
MAIN SWIRLER 
PILOT DILUTION (IDI 
PILOT DILUTION lODi 
MAIN DILUTION (ID) 
DILUTION lODl 
BULKHEAD COOLING 
ID SWIRLER COOLING 
OD SWIRLER COOLING 


7AT0.23<I -1,638 in' (ACO l 

244 AT 0.066d, -0.B32 

28 AT 0.316 -8.840 (ACD) 

7 AT 0.248d. =0.338 

5 AT 0.278d. ”0.303 

6 AT 0,71 2d. =2.389 7 AT O.BOO - 1.374 (ROW B) 

6 AT 0.71 2d. =2.389 

20 AT 0.1 lid. BBS AT 0.040d • 0.89B 
13 AT 0.161d„ B4 AT 0.081d., 42 AT 0.06> .. • 0.691 
13 AT 0.191d., 84 AT O.IOSd,. 42 AT 0,087d. • 1.098 


PILOT NOZZLE AIR BLAST (PN 33420) ACD = 0.096 IN^ PER NOZZLE 
MAIN NOZZLE PT6 (PN 27700-1 1| 


MODIFICATIONS: REFERENCE CONFIGURATION S-6 


• INSTALLED 13 MAIN INJECTORS 


Figure B-29 Liner Hole Pattern for Swirl Vorbix Combustor Configuration S-7 
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1 



PINWALL'’^ cooling > 5.33K 


1 


0 D 

LOUVER 

□lA 

#HOLES 

areainJ 


LOUVER 

OIA 

# HOLES 

AREAIN? 

1 

00785 

48 

0.232 


13 

0 0935 

99 

0.679 

2 

0.067 

106 

0 373 


14 

0 070 

131 

0 504 

3 

00935 

37 

0 254 


15 

0 055 

106 

□ 252 

4 

0 0635 

76 

0 241 


16 

0 055 

96 

0 228 

5 

0.0595 

31 

0 225 


17 

0 052 

104 

0 218 

6 

0.052 

76 

0 161 


18 

0 063b 

100 

0 317 

7 

0.059 

84 

0 233 


19 

0 0635 

97 

0.307 

8 

0.052 

64 

0 134 


20 

0 073 

8b 

0 356 

9 

0.0595 

87 

0 242 


21 

0 113 

51 

0 508 

10 

0.052 

139 

0 295 


2? 

0 073 

53 

0 222 

11 

0 08G 

89 

0517 






1? 

0 098 

78 

0 588 







PILOT SWIRLER 

7 AT 0.520U - 

3.641 

PILOT SWIRLER COOLING 

224 AT O.OSSd - 

0.532 

MAIN SWIRLER 

28 AT 0.66ACO - 

18.48 A 

BULKHEAD COOLING 

20 AT 0.1110 » 

0.194 


558 AT 0.0406 - 

0.701 

10 SWIRLER COOLING 

13 AT 0.161d " 

0265 


28 AT 0.0818 = 

0.144 


42 AT Q.067d - 

0.148 

00 SWIRLER COOLING 

13 AT 0 191c^ >' 

0.372 


28 AT 0 106J - 

0.247 


42 AT 0.087 tl « 

0.250 


PILOT NOZZLE (P/N 27700-1 11 
MAIN NOZZLE (P/N 27700-1 11 


MODIFICATIONS 

•USE PRESSURE ATOMIZING PILOT NOZZLES 

• remove PILOT SWIRLER BLOCKAGE RINGS 

• REMOVE PLIOT DILUTION HOLES 
•INSTALL HlOH FLOW MAIN SWIRLERS 
•REMOVE DILUTION HOLES 


Figure B-30 Liner Hole Pattern for Swirl Vorbix Combustor Configuratioh S-8 
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i L?: 


O.D 1 

LOUVER 

OlA. 

# HOLES 

AREAIN2 


LOUVER 

OlA. 

# HOLES 

aiieain2 

1 

0.07SS 

48 

0232 


13 

00935 

99 

0.679 

2 

0.067 

106 

0.373 


M 

0.070 

131 

0.504 

3 

0.0935 

37 

0254 


15 

0.065 

106 

0.252 

4 

0.0635 

76 

0.241 


16 

0.065 

96 

0.228 

6 

0.0595 

81 

0.225 


17 

0.052 

104 

0 21B 

6 

0.052 

76 

0.161 


18 

0.0635 

100 

0.317 

7 

0.059 

84 

0.233 


19 

0.0635 

97 

0.307 

8 

0.062 

64 

0.134 


20 

0.073 

85 

0.350 

9 

0.0695 

87 

0.242 


21 

0.113 

51 

0.508 

10 

0.052 

139 

0.295 


22 

0073 

53 

0.222 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.588 







PILOT SWIRLER 

7 AT 0.422 d 

- 3.095 ACD 

PILOT SWIRLER COOLING 

224 AT 0.055d 

= 0.532 

MAI5LSWIRLER 

28 AT 0.66 

^ 18.48 ACD 

PILOT SWIRLER 

7 AT 0.42d 

: 3.095 ACD 

PILOT SWIRLER COOLING 

224 AT 0.055d 

- 0.532 

MAIN SWIRLER 

28 AT 0.66 

- 18.48 ACD 

PILOT DILUTION (ID) 

7 AT 0.248d 

- 0.338 

PILOT DILUTION (OD| 

BAT0.278d 

' 0.303 

BULKHEAD COOLING 

20 AT 0.1 lid 

0.194 


558 AT 0 04Ud 

0.701 

ID SWIRLER COOLING 

13 AT 0.161d 

0.260 


28 AT O.OSId 

0.144 


42 AT 0.067d 

- 0.148 

00 SWIRLER COOLING 

13 AT 0.191d 

0.372 


28 AT 0.1 06d 

0247 


42 AT 0.087 

0.260 


WAIN NOZZLE (P/N 27700-111 

MODIFICATIONS: REFERENCE CONFIGURATION S8 


• MAIN FUEL INJECTORS ANGLED DOWNSTREAM 

• REDUCE PILOT SWIRLER AIRFLOW WITH BLOCKAGE RINGS 

• INSTALL PILOT DILUTION AIR HOLES 


Figure B~3I Liner Hole Pattern for Swirl Vorhix Combustor Configuration S-9 
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y 

,1 



1 


O.D. 1 

LOUVER 

OIA. 

# HOLES 

AREAIN2 


LOUVER 

OIA. 

(/) 

ill 

0 

1 

areain2 

1 

0.0785 

48 

0.232 


13 

00935 

99 

0.679 

2 

0.067 

106 

0.373 


14 

0.070 

131 

0.504 

3 

0.0935 

37 

0.254 


15 

0.055 

106 

0.252 

4 

0.0635 

76 

0.241 


16 

0.056 

96 

0.228 

5 

0.0595 

31 

0.225 


17 

0.052 

104 

0.218 

6 

0.052 

76 

0.161 


18 

0.0635 

100 

0.317 

7 

0.059 

84 

0.233 


19 

0.0635 

97 

0.307 

S 

0.052 

64 

0.134 


20 

0.073 

85 

0.356 

9 

0.0595 

87 

0.242 


21 

0.113 

51 

0.608 

10 

0.062 

139 

0.295 


22 

0.073 

53 

0.222 

11 

0.086 

89 

0.517 






12 

0.098 

78 

0.588 







PILOT SWIRUER 
PILOT SWIRLER COOLING 
MAIN SWIRLER 

BULKHEAD COOLING 


ID SWIRLER COOLING 


OD SWIRLER COOLING 


PILOT NOZZLE (PN?r/00 1ll 
MAIN NOZZLE (P/N Z7/00 11) 


7 

AT 

0.520 

3.641 

224 

AT 

0.055d 

= 0.532 

28 

AT 

0.66 

“ 18.48 

20 

AT 

0.111(1 

“ 0.104 

558 

AT 

C.040d 

0.701 

13 

AT 

0.161d 

“ 0.265 

28 

AT 

0.08 Id 

- 0.144 

42 

AT 

0.067d 

-- 0 .148 

13 

AT 

0.19ld 

“ 0.372 

28 

AT 

0.1 OGd 

- 0.247 

42 

AT 

0.087 - 

0.260 


MODIFICATIONS: REFERENCE CONFIGURATION S-9 

• MAIN FUEL INJECTORS ANGLED DOWNSTREAM 
•REMOVE PILOT SWIRLER BLOCKAGE RINGS 
♦plug pilot DILUTION AIR HOLES 

• REDUCE LINER HEIGHT 


Figure H- 32 


Liner Hnle Pattern for Swirl I'orhix Coinhustor Conjiguralion S-IO (AST Configuration) 
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APPENDIX C 


EXPERIMENTAL TEST DATA 


This appendix presents a compilation of the test data acquired with the thirty-two different 
lov/-emissions combustor configurations tested during the Phase 1 screening evaluations. The 
data tabulations are arranged according to the baseline design and subsequent configuration 
changes. Pertinent operating parameters such as fuel and airflows, fuel-air ratio, and inlet .. 
temperature and pressure are itemized along with the corresponding emissions index (El) 
value for the pollutants measured. In addition, comments pertaining to specific results are 
also included where appropriate. 
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TEST RESULTS FOR SWIRL CAN COMBUSTOR 
CONFIGURATION N2 
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TEST RESULTS FOR SWIRL CAN COMBUSTOR 
CONFIGURATION N3 
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TEST RESULTS FOR SWIRL CAN COMBUSTOR 
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•Estbnate 


TEST RESULTS FOR STAGED PREMIX COMBUSTOR 
CONFIGURATION P2 
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LBO fla = .0058 at design idle conditions 


TEST RESULTS FOR STAGED PREMIX COMBUSTOR 
CONFIGURATION P3 
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TEST RESULTS FOR STAGED PREMIX COMBUSTOR 
CONFIGURATION P4 
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TEST RESULTS FOR STAGED PREMIX COMBUSTOR 
CONFIGURATION P5 
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TEST RESULTS FOR STAGED PREMIX COMBUSTOR 
CONFIGURATION P8 
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TEST RESULTS FOR SWIRL VORBIX COMBUSTOR 
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APPENDIX D 
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NOMENCLATURE 

Emission Index ~ g pollutant/kg fuel 
kg fuel/ kg air ir 

Specific Humidity ~ gHjO/kgdry air 

Lean Blowout 

Pressure atm 

Pattern Factor 

Pressure Loss ~ atm 

Temperature ~ K 

Velocity ~ m/s 

Combustor Reference_Velocity ~ m/s 

Airflow ~ kg/s 

Fuel Flow ~ kg/s 

Flow Parameter ~ kg<y/K/m* atm s 

Density kg/m® 

Combustion Efficiency 
Equivalency Ratio 


SUBSCRIPTS 


Burner 

Static Conditions 
Total Condition 

Compressor Exit Station (JT9D-7) 
Turbine Inlet Station (JT9D-7) 
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